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developed. 
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ABSTRACT 


A  final  report  on  the  work  accomplished  during  a  two-year  program  on 
laser,  semiconducting,  and  magnetic  materials  is  presented.  The  laser 
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materials  ^tudied  included  YA£  O^rEr 


(GdJ\  Ce 
carried  out. 


Sr F 2}  (Gd  ,  Cc  T),  and  CdF2: 


High-resolution  optical  spectroscopy  and  EPR  studies  were 


Electrical  characteristics  of  the  insulating  and  semiconducting  states 
of  the  doped  CdF ^  system  were  studied  and  LED's  were  constructed  using  this 
system.  Extensive  theoretical  and  computational  studies  were  carried  out  on 
the  YAfO^  and  SrF^  doped  materials.  An  experimental  facility  for  the  evaluation 
of  laser  materials  at  the  sponsor's  site  was  begun.  The  pulsed  Raman  technique 
was  developed. 

Electrical  and  optical  properties  of  ZnSe  doped  with  Li,  Cu,  or  Na  as 
well  as  samples  implanted  with  2n  and  samples  of  ZnO  hydrochermally  grown 
with  Li,  CdS,  or  ZnS  were  studied.  Also,  measurements  were  made  on 
radiation  damaged  tic  and  Si.  The  intrinsic  coercive  force  in  multidomain  single 
crystal  (rare  ear'll)  Co,-  alloys  were  studied  and  a  model  describing  the  observed 
behavior  is  presented. 
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PART  I 


LASER  MATERIALS  STUDIES 

Dr.  Perry  P.  Yaney 
Mr.  John  A.  Detrio 
Dr.  J.  Michael  O’Hare 
Department  of  Physics 


INTRODUCTION 

This  part  presents  the  work  performed  on  laser  materials  and  is  divided 
into  seven  sections.  Sections  1,  2,  3,  6,  and  7  are  in  summary  form.  Details 
of  the  work  described  in  these  sections  can  be  obtained  from  published  papers 
or  from  preprints  of  papers  in  preparation  obtainable  from  the  authors.  A 
complete  listing  of  reports,  presentations,  and  publications  resulting  from  the 
work  reported  herein  is  given  in  Section  8. 


SECTION  1 


ANALYSES  OF  OPTICAL  SPECTRA 


1.1  Gd3+inSrF. 


The  fluorites,  namely  Ca,  Sr,  and  BaF^,  have  continued  to  provide  a 

fruitful,  series  of  lattices  to  study  the  many  processes  and  circumstances 

associated  with  a  RE  ion  in  a  dielectric  host.  Of  particular  importance  to 

the  development  of  solid-state  lasers  is  the  question  of  line  strengths, 

especially  their  calculation  when  the  ion  is  in  a  given  site  symmetry.  The 

34- 

large  amount  of  experimental  and  calculational  information  available  on  Gd  , 

particularly  in  the  C,  site  of  SrF„,  ^  made  this  ion  a  convenient  choice  for 

(1-4) 

line  strength  analyses.  A  selected  review  of  the  energy  level  schemes  of 

3  + 

Gd  in  various  hosts  is  shown  in  Figure  1. 

,3+ .  '  1  *'  - *  examined 


of  ii  the  tetragonal  (C^)  site  of  Sri-  were  exami 

aches.  Both  use  the  Ofelt-Jucld^  '  ^  theory  of  induced 


The  transitions 
in  detail  by  two  appro 

(7) 

electric -dipole  transitions  of  1  E  ions  in  solids.  One  method  uses  a  direct 

(6 ) 

search  principle  to  fit  the  T  and  T  parameters  of  Judd  to  the  experimental 

(8)  1  ° 

data.  The  other  method  is  cs.  entially  an  "ab  initio"  approach  where  certain 
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I  i  r. 1  i 1  «*  1.  f  'ii*<  <•  i  vrd  Km’  i  r  y  ( -  t*iil  r  *  •  i  *  I  m  of  G*l  *  in  V%*,.tiu«  Mo&tn.  [The*  following  numbers 
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assumptions  concerning  the  character  of  the  inte 'actions  and  the  crystal 

field  are  made  so  as  to  permit  a  direct  calculation  of  the  induced  electric 

dipole  strengths.  For  both  cases,  the  experimental  values  of  the  oscillator 

strengths  for  the  J-manifolds  were  obtained  from  a  concentration  study^  of 

the  C  site  of  Gel "  in  SrF0.  Fapers  describing  these  two  methods  and  their 
4v  2 

results  are  in  preparation.  One  of  the  important  applications  of  line  strength 

(8) 

calculations  is  to  the  analyses  of  Zeeman  spectra.  A  detailed  review  of  the 

3  + 

theory  of  the  Zeeman  offset  on  RE  ions  (with  emphasis  on  Gd  )  in  the  fluorite 
lattice  and  of  the  reouired  line  strength  calculations  will  be  published  under 
separate  cover. 

(  7) 

In  the  "direct-search"  method,  tne  experimental  oscillator  strengths 

are  determined  by  a  linear  least  squares  analysis  of  absorption  data  versus 

concentration.  The  parameters  and  are  then  fitted  to  the  experimental 

strengths  aftci  the  theoretical  values  of  magnetic  dipole  and  electric  quadrupole 

art  subtracted  out.  It  is  found  that,  depending  or.  which  of  the  states  are 

included  in  the  fitting  routine,  there  are  several  possible  sets  of  T.  parameters 

L  ^ 

The  set  which  gave  the  smallest  \  was  found  to  be  that  which  gives  the 
HmalleHt  electric  dipole  character  to  the  ^  j  ^  transitions. 

One  noteworthy  contribution  in  the  paper  describing  this  method,  is  the 
calculation  of  tile  line  strengths  using  the  crystal  field  matrix  elements  for  the 
quantum  mechanical  Hasic  states.  The  calculations  showed  that  cry  utal  -field 
J  mixing  is  indeed  small  for  the  muitiplets  in  the  site  but  that  a  slight 

improvement  is  obtained  between  calculation  and  theory  when  J-mixing  is 
included.  Another  calculation,  which  is  rarely  seen  in  the  literature  which  also 
appears  in  this  paper,  is  that  of  the  transition  strengths  to  individual  crystal 
field  levels  within  a  J  manifold.  The  Ofelt-.ludd  theory  ib  usually  restricted 
to  sums  ol  line  i;tn  igllis  over  an  entire  multiplel,  e.  or  Thu 

agreement  between  experiment  arid  calculation  is  excellent. 


In  the  "ab  initio"  method. 


the  T..,  parameters  are  tabulated 

*  4  (>  m 
. ;  . .  „  i...  'H. 


directly  from  the  theoretical  expression  given  by  Judd'  The  nonzero  valued 
of  the  odd  -parity  crystal  field  coefficients  are  determined  by  calculating  the 
point  charge  contributions  that  occur  when  the  fluorine  cell  surrounding  tl.  ■ 


3  +  - 

Gd  ion  is  distorted  by  the  inclusion  of  the  ninth  F  ion  along  tlu  [  0 0 1  ] 

direction.  Two  distortion  parameters  are  defined  which  specify  the  movement 

3  + 

of  the  F  ions  relative  to  the  Gd  ion.  The  experimental  values  of  oscillator 

strength  are  found  by  a  procedure  which  utilizes  the  theoretical  ratios  of  the 

6  6 

strengths  of  the  ^  and  ^7/2  trans't*ons  'he  corresponding 

experimental  ratios.  This  technique  determines  a  set  of  oscillator  strengths 
which  are  constrained  by  the  current  theoretical  calculation  and,  therefore, 
has  the  advantage  of  giving  an  unique  fit.  The  resulting  values  of  oscillator 


strength  are  then  used  to  determine  the  values  of  the  distortion  parameters 

needed  to  fit  the  electric  dipole  content  of  the  transitions.  This  method  was 

found  to  be  somewhat  dependent  or  the  existence  of  J -mixing.  Free-ion  values 

(0 

of  magnetic  dipole  strengths  do  not  permit  a  close  fit  to  the  D  ,  ^ 

transitions,  whereas,  these  strengths  in  the  site  including  J -mixing  give  a 

more  reasonable  result  for  these  ^  transitions. 


An  additional  value  of  this  approach  is  that  not  only  can  the  transition 
strengths  between  individual  cry  ital -fi eld  levels  bn  calculated  but  the  tie 
between  the  ion  placements  and  the  induced  electric  dipole  contributions  can  be 
determined,  This  is  not  limited  to  sites  in  which  the  induced  electric  dipole 
strength  comes  entirely  from  a  distortion  of  the  host  symmetry.  The  basic 
concept  of  this  method  is  that  ti  e  induced  electric  dipole  contribution  can  be 
related  directly  to  the  point-charge  model  of  toe  surrounding  ions  wherein 
appropriate  ion  spacings  in  this  complex  are  chosen  to  fit  the  calculated 
strengtnij  to  the  observed  values  while  maintaining  the  correct  point-group 
symmetry  and  approximate  angular  locations  of  the  surrounding  ions  as  seen 
ai  the  RE  sice. 


An  interesting  result  obtained  using  this  last  approach  is  that  it  is 

possible  to  estimate  the  absolute  site:  concentrations  for  the  th’  ce  main  sites, 

c  ubic  (O  ),  tetragonal  (C  .  ),  and  trigonal  (C  )  as  function;,  of  the  G f  um- 

( b) 

rent  1  alien  in  a  h id  f-<  onsi jtent  manner.  As  was  found  in  El'R  studies,  the 
ratio  of  the  cubic  to  a/vial  concentrations  increase  #i*U  increasing  Gd  ^  con¬ 
centration.  Ay  will  be  described  in  Sections  <3  and  6  of  this  report,  the  same 

3+  34 

result  is  ol.  icrvcd  in  Sri  doubled  d  >pcd  with  Gd  and  Ce  as  a  function  of 


4 


the  Ce  doping.  There  is,  however,  a  significant  difference  between  the  J1PR 
results  and  those  obtained  from  the  optical  data.  The  optical  data  shows  that 
in  the  singly  doped  samples,  the  i  itio  increases  because  the  axial  site  cor - 

centration  decreases  with  the  cubic  concentration  remaining  almost  constant 

3+  (10) 

to  0.  5  mole  %  Gd  .  In  the  doubled  doped  samples,  the  ratio  increase  t 

also,  but  at  a  faster  rate,  primarily  because  of  the  rather  sudden  appearance 

3  + 

a.)d  rapid  growth  of  the  cubic  spectrum  at  around  0.  1  mole  %  Ce  with  he 
total  axial  concentration  decreasing  rapidly  above  0.  2  mole  %  Ce3  .  Too 
proposals  for  explaining  these  observations  are  presented  in  Section  2. 


1.2  Ex  3+ in  YAi  0.. 

The  most  recent  wo  k  on  rare  earth  spectra  concerns  the  line  strengths 

of  Er3  ^  in  YAXO^.The  polarized  absorption  spectra  wei  e  taken  by  A.  Santiago 

in  the  course  of  pursuing  an  Air  Force  Institute  of  Technology  (AFIT)  thesis. 

The  exposures  were  traced  by  University  of  Dayton  personnel  and  first 

analyzed  to  determine  the  extent  of  adverse  effects  such  as  over  absorption, 

saturation  and  noniinearities  in  the  photographic-plate  response.  As  a  prelude 

to  fitting  the  individual  crystal  field  level  transitions,  the  Ofelt-Judr]  theory 

(  7) 

was  applied  to  the  composite  spectra.  The  results  are  summarized  in 
Tables  I  and  II  and  in  Figure  2.  These  data  arc  being  prepared  for  publication. 
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TABLE  I 

LINE  STRENGTH  DATA  FOR  Er3+:YA6  0, 

Oscillator  Strength  (xlO 


Multiplet 

Energy 

(cm'*) 

Expf  1 

Case  I 

Calc.  , 

Case  U 

Case  IIIC 

\u 

12.  543.  2 

3.  10 

l.  57 

0.  89 

1.  95 

S/2 

13,  346.  5 

13.  8 

9.  37 

11.  4 

12.  07* 

18,  42i.  6 

5.  61 

2.  29 

5.  04 

3.  11* 

2hu/2 

19,  19?..  4 

27.  8 

27.  6 

27.  5 

27.  8  * 

20, 559. 4 

9.  5 

9.  47 

17.  3 

1  2.  6  * 

%2 

22,  202.  4 

5.  12 

2.  89 

6.  35 

3.  9 

22,  535.  9 

4.  93 

1.  74 

3.  82 

2.  36* 

2  _ 

Cj  , 

if  2 

24, 601. 8 

7.  50 

3.  66 

7.  47 

4.  6  3* 

V 

Cll/2 

27,  141.  0 

50.  43 

60.  44 

50.  16 

50.  7 

27,  433.  5 

22.  23 

25.  38 

39.  39 

32.  9 

2p3/2 

31, 492.  1 

1.  40 

0.  34 

0.  74 

0.  46* 

%/2 

33, 969. 8 

4.69 

0.  89 

0.  53 

1.10 

2D5/2 

34,  732.  7 

1.  27 

0.  51 

1.  12 

0.  69 

\,2 

36.  359.  4 

-7 

1.  60 

1.  33 

0.  64 

1. 65 

RMS  Deviation  (xlO  ) 

a)  All  data  were  fit  with  unit  weight 

6.  5 

14. 

6. 

b)  All  data 

were  fit  to  obtain  the 

th  r  e  e  line 

strength  pa 

.  ameter  s  in 

sequence 

<■')  Selected  lines  only  were  used  in  the  fit  -  those  v/jtn  an  asterisk 


TABLE  II 

SUMMARY  OF  PARAMETERS  FIT  TO  Er  :YA*03  LINE  STRENGTH  DATA 

3l  b  c 

Parameter  Case  I  Case  II  Case  III 

(  XLO'9) 


T  2  13.1 

13.  5 

12.  2 

T4  5.  58 

2.  67 

6.  9 

T,  4.83 

6  7 

10.  6 

6.  6 

RMS  Deviation  (xlO  )  6.  5 

14.  0 

7.  95 

Avg  Percent  Deviation  39  36  34 

a)  All  data  were  fit  with  unit  weight 

b)  Ah  data  were  fit  to  obtain  the  three  line-strength  parameters  in  sequence 

c)  Selected  lines  only  were  used  in  the  fit  -  those  with  an  asterisk 


SECTION  2 


CLUSTERING  OF  RE  IONS  IN  CRYSTALS 


2.  1  INTRODUCTION 


This  area  of  activity  arose  from  optical  studies  by  Wolf  and  Yaney 


(ID 


and  Schaeffer  and  Yaney^^of  SrF  double  doped  with  Gd^^  and  Ce^*.  These 

^  Si- 

studies  showed  that  the  uv  fluorescence  of  Gd  was  enhanced  by  a  factor  of 
50  to  60  by  the  addition  of  Ce^. 


Continued  study  of  the  optical  data  and  the  results  of  EPR  studies 

I  • 


(9) 


revealed  that  the  concentration  of  the  cubic  site  of  Gd  increased  with  increasing 
_  3  + 

Ce  concentration  in  contradiction  to  the  usual  statistical  mechanics  pre¬ 
dictions  (see  Reference  12  and  the  papers  cited  therein).  Two  explanations  were 

(13' 

offered  to  explain  this  behavior.  The  first)  '  based  on  the  EPR  results 

and  reviewed  in  Section  6  of  this  report,  purposes  that  the  cubic  site  is 

3+  3+ 

locally  compensated,  that  is,  the  Gd  ions  are  in  large  clusters,  the  Gcf 

site  of  which  has  cubic  symmetry.  A  brief  description  of  this  model  is  given 

(8) 

in  the  following  paragraphs.  The  second  explanation  assumes  that  the  cubic 

site  is  the  usual  nonlocally -compensated  cubic  site  common  to  RE  ions  in 

3  + 

fluo rites.  Its  behavior  is  then  explained  by  assuming  that  Ce  acts  as  a 
"getter"  for  the  interstitial  F  ions  in  the  SrF^  lattice.  This  model  is  described 
in  some  detail  in  Paragraph  2.  3. 


2.  2  THE  LOCAL  CUBIC  PHASE  MODEL 

It  has  been  observed  by  several  investigators  (see  Reference  12  and  the 

papers  cited  therein)  that  as  the  rare  earth  impurity  concentration  is  increased 

in  fluorite  crystals  the  relative  number  of  cubic  symmetry  sites  increases. 

This  is  exactly  opposite  to  what  one  would  expect  on  the  basis  of  statistical 

(12  13) 

mechanical  considerations.  A  model  has  been  proposed  '  which  would 
resolve  this  discrepancy.  The  basic  feature  of  the  model  is  that  a  separate 
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phase  RF^:3  (MeF^)  (R  -  rare  earth  ion  and  Me  -  divalent  metal  ion)  of  a 
fluorite  lattice  exists  within  the  crystal  which  preserves  a  cubic  environment 
foi  the  tripositive  rare  earth  ion,  but  for  which  the  charge  compensation 
mechanism  is  of  a  local  nature.  The  usual  compensation  mechanism  for 
cubic  symmetry  is  of  a  nonlocal  nature,  i.  e.  ,  the  charge  compensating 
fluorine  is  so  far  away  from  the  rare  earth  impurity  that  the  point  group 
symmetry  of  the  rare  earth  site  is  the  cubic  symmetry  of  the  fluorite  lattice. 
It  is  the  relative  populations  of  this  type  of  site  that  one  would  expect  to  de¬ 
crease  as  the  impurity  concentration  is  increased. 

3  + 

In  the  local  cubic  phase  model  R  :F  defect  pairs  condense  into  a 
separate  phase,  RF^:3  (MeF^),  by  forming  localized  regions  of  high  con¬ 
centrations  of  these  pairs.  The  point  group  symmetry  of  the  rare  earth 

impurity  sites  in  this  phase  is  cubic.  As  the  concentration  of  rare  earth 

3+  - 

impurities  is  increased  more  R  :F  defect  pairs  condense  into  this  phase 
thus  explaining  the  increase  in  the  relative  number  of  cubic  impurity  sites. 


The  critical  concentration  at  which  the  local  cubic  phase  could  form  is 
found  to  be 


f  =  6  exp  ( 


C 

kT 


+  1) 


where  f  is  the  concentration  of  rare  earth  impurities  and  c'  is  the  average 

3+  - 

excess  interaction  energy  of  attraction  of  a  R  :F  pair  in  this  phase  with 

all  other  pairs  in  the  phase.  By  excess  energy  we  mean  the  additional 

energy  of  interaction  due  to  the  clustering  of  pairs.  Calculations  have  been 

3+  3+  Si- 

carried  out  for  the  case  of  SrF^Gd  and  SrF^,:  (Gd  ,  Ce  )  which  indicate 
that  the  local  cubic  phase  could  form  at  concentrations  as  low  as  0.  36%  total 
rare  earth  impurity  concentration. 

2.  3  OPTICAL  STUDIES  OF  SrF2:  (Gd3+,  Ce3+) 

These  studies  can  be  separated  naturally  into  two  parts;  those  on 
absorption  spectra  and  those  on  fluorescence  and  excitation  spectra. 


10 


-n.r.sfc.'.vai-. 


#  ■ 


>  rv. 


The  fluorescence  data  from  these  samples  has  been  reduced  and  the  results 
indicate  that  the  observed  spectra  is  produced  by  three  basic  sites  and  their  pair 


sp 


3  + 

ectia.  One  site  is  the  common  C  ,  site  of  Gd  wherein  the  radiation 


-tv 


(14) 


trapping  phenomenon  is  observed  in  the  lifetime  data.  This  is  illustrated  in 

Figure  3.  This  result  is  supported  by  the  identification  of  a  C  pair  line 
in  the  fluorescence  spectra  of  the  samples. 


The  identification  of  additional  pair  lines  plus  other  arguments  based 

on  the  probability  of  the  nearest  and  next -nearest  neighbor  clusters  of  Gd 

and  Ce^+  and  analyses  of  absorption  and  excitation  spectra  have  provided  strong 

evidence  for  the  assertion  that  the  enhanced  fluorescence  output  trom  the 

3+  3  + 

double-doped  samples  arises  from  Gd  and  Ce  in  nearest-neighbor  and  next- 
nearest-neighbor  doubles  clusters.  These  results  as  well  as  those  coming 
from  the  absorption  data  arc  many  fold  and  arc  being  prepared  for  publication. 

( 8) 

In  this  report  we  shall  describe  only  the  analysis  of  the  absorption 


spectra  in  some  detail.  Basically,  we  can  show  that  by  accounting  for  the 
association  energy  of  Gd^  + 


-  F.  ^  pairs,  the  dependence  of  Gd^+  singles 


concentration  on  total  RE  concentration,  and  the  probable  "gettering"  action 

c  can  f? yy* lain 


3  i  _  3  + 

of  Ce  on  interstitial  F  ions  compared  to  that  of  Gd 


3+  .  3t 

rc-asonably  well  the  observed  Gd  site  concentration  changes  versus  the  Ce 

concentration. 

In  brief,  the  fractional  concentration  of  a  fluorine  compensated  axial  site 

(12), 

is  found  from  statistical  mechanics  arguments  to  be  approximately, 


f  ~  gf“/[gf  +  exp  |-  <■  1  /IcT 

e  g 


where  g  -  G  or  8  corresponds  to  either  the  tetragonal  (C^  )  or  trigonal  (C„  ) 

site,  respectively,  f  is  the  fractional  concentration  of  RE  ions  in  single; 

sites,  and  (  is  the  association  energy  of  the  •  F  pair.  7' he  singles, 

C  2  + 

doubles,  and  triples  concentrations  of  Me  impurity  ions  in  simple  lattices 


lias  been  computed  assuming  next -nearest-neighbor  interaction;!. 


(lr.) 


Thj  : 


approach  can  be  applied  to  the  R  ions  in  SrF^  if  the  influence  of  the  additional 
charge  is  neglected.  Fcr  the  singles  concentration  this  analysis  gives 

f  =  Y  (!  -  Z)18  , 

where  Z  is  the  totaL  RE  fractional  concentration  and  Y  is  the  Gd^"*"  fractional 
concentration. 

In  order  to  account  for  the  increase  in  the  cubic  concentration,  we  assume, 

consistent  with  ionic  conductivity  experiments  on  Nd^  and  Tb^+  in  SrF 

( 1 6} 

reported  by  Kri stianpoller  and  Kirsh,  that  the  association  of  interstitial 

—  3+  34- 

F  ions  with  Ce  is  greater  than  with  Gd  ions.  By  a  simple  argument,  we 

find  the  fractional  concentration  of  F  -  compensated  Gd^  axial  sites  in  the 

presence  of  the  Ce^  ^  can  be  expressed  by 

V  =  f  [1  +  G  (X)]-1  , 

g  g  1  g  J 

where  G  is  some  single -valued,  mo  no  to  initially  increasing  function  of  the 
„  3+  ,  8  . 

v^e  iractional  concentration  X,  We  cho»e  G  (X)  to  bv 

g 

G  (X)  =  8  Xa8  , 

B  g 

where  8  and  a  are  constants  to  be  determined.  Thus  the  cubic  concentration 
fi  g 

is  givan  by 

f  -  f  -  S  f ' 
c  g  g 

Tie  result  of  fitting  this  calculation  to  the  experimental  site  concentrations 
determined  from  the  optical  absorption  spectra  is  shown  in  Figure  4.  The 
foP  owing  parameters  were  obtained. 


a 

$ 

K  |/kT 


1.  5 
1.  4 
-7.  7s 


wile  i  t 


8  is  for  X  in  percent. 


Heist  and  Fong^^  have  analyzed  the  distribution  of  Me^  -F  pairs 
in  fluorite -type  lattices.  Using  their  equilibrium  temperature  of  630°K, 
we  obtain  association  energies  of  -0,  42  and  -0^19  eV  for  the  tetragonal 
and  trigonal  sites,  respectively,  which  are  to  ue  compared  to  their  values 
of  -0.  48  and  -0,  30  eV,  respectively.  The  close  agreement  of  the  tetragonal 
values  gives  some  support  to  the  correctness  of  the  analysis.  The 
discrepancy  between  the  trigonal  values  is  really  not  significant  in  view 
of  the  uncertainties  in  the  trigonal  data.  The  F  -  gettering  parameter 
value  of  a  =  1.  5  indicates  that  for  Cc^+  concentrations  above  2.  6  mole 
percent,  an  increase  in  the  Ce^+  concentration  by  1/3  will  reduce  the 
tetragonal  concentration  by  about  1/ 2.  At  a  Cc^  concentrat.on  of  about 

3  + 

0.  1  mole  %,  an  increase  in  the  Ce  concentration  by  1/3  will  decrease  the 

tetragonal  concentration  by  about  1/20.  Hence,  the  rate  of  loss  of  axial  sites 

3+  3  + 

witli  increasing  Ce  concentration  is  greater  than  the  rate  of  loss  of  Gd 

singles  concentration  in  the  0.  1  to  1  mole  %  range  resulting  in  the  appear¬ 


ance  and  increasing  concentration  of  the  cubic  sites. 
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SECTION  3 


THEORETICAL  AND  COMPUTATIONAL  STUDIES 


There  are  three  are-' ^  in  which  calculations  have  been  carried  out. 

34* 

These  are  line  strength  calculations  for  Er  in  YA£0y  free -ion  and 
crystal  field  calculations,  and  the  calculation  of  the  term  shifts  due  to  RE - 
ion-ligand  overlap  through  the  term  and  the  electrostatically  correlated 
crystal  field  interaction. 

3.  1  LINE  STRENGTH  OF  Ev3+  in  Y AH  0^ 

Several  basks  associated  with  the  line  strength  calculations  described 

in  Section  1  of  this  report  have  been  completed.  The  normalized  tesseral 

harmonics  of  seventh  order  in  polar  and  cartesian  form  which  did  not  exist 

(181 

in  the  literature  were  worked  out  and  these  results  have  been  published. 

The  seven.,  order  tesseral  harmonics  enter  into  the  line  strength 
calculations  for  RE  spectra.  In  addition  to  developing  the  analytical  form 
oi  these  harmonics,  a  computer  program  was  written  to  perform  point- 
charge  model  lattice  sums  for  any  ion  site  in  any  arbitrary  crystal 
structure.  The  present  routine  does  not  have  provisions  for  the  inclusion 
of  a  charge  compensating  defect  or  impurity,  nor  for  including  the  effects 
of  applied  strain,  and  the  local  coordinate  reference  frame  is  fixed  with 
respect  to  the  crystallographic  directions.  Modifications  to  the  program 
to  include  these  considerations  are  planned  for  implementation  as  the  need 
arises. 

An  example  of  the  calculation  for  the  Y-site  in  YAIO^  is  given  in 

Table  III.  This  site  possesses  C  symmetry  with  the  mirror  plane  per- 

s 

pendicular  to  the  r rystallographic  c-axis.  The  calculation  is  in  sub¬ 
stantial  quantitative  agreement  with  preliminary  calculations  of  the  spectra 
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TABLE  III 


LATTICE  SUMS  FOR  ALLa  TERMS  IN  THE  CRYSTAL  FIELD 

EXPANSION  FOR  THE  Y-SITE  (C  )  IN  YAje0b 

s  3 


Coefficient 


Coefficient  (cm  *) 

q 


Real _ Imaginary 


BI 

-1110.  1 

-329.  8 

B^ 

-  509.  7 

0 

4754.  1 

-211.  0 

193.  3 

46.  1 

B^ 

323.  2 

-738.  8 

-s 

-  202.9 

0 

b42 

-  144.9 

-  45.  0 

-  96.  0 

57.  6 

38.  2 

-  28.5 

B3 

92.  1 

-  72.  8 

B5 

-  20. 4 

-  92.  1 

Bo 

-  10.  1 

0 

b62 

9.  44 

-  5.  74 

-s 

-  35. 6 

13.  0 

Bt 

9.  64 

-  4.  5 

B? 

1.  52 

-  0.  31 

Bl 

1.  79 

-  0.  42 

B  l 

2.  48 

2.  32 

B? 

1.  77 

1.  71 

a)  All  terms  for  which  k  +  q  is  Odd  are  zero 

b)  These  signs  are  appropriate  for  the  site  at  the  location  (0.  018,  -0.  06, 
-0.  25) 
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based  on  fitting  the  observed  energy  levels.  (See  Paragraph  3.3).  The 

qualitative  agreement  with  group  theoretical  expectations  with  respect 

to  the  nonzero  elements  is,  of  course,  exact.  Although  point-charge 

model  calculations  leave  much  to  be  desired  in  predicting  RE  spectra, 

this  work  is  justified  by  the  need  to  properly  orient  the  quantum  mechanical 

basis  vectors  with  respect  to  the  crystallographic  axes  to  insure  the  proper 

interpretation  of  polarized  absorption  spectra.  It  is  important  that  the  site 

coordinates  agree  with  the  coordinates  implied  by  the  angular  momentum 

projections  (J  )  whose  linear  combination  defines  a  given  crystal  field 
z 

level  and  its  orientation  in  space.  The  signs  of  the  various  lattice  sums 
determine  these  phase  considerations  and  can  be  used  to  insure  that  the 
basis  states  are  aligned  with  the  experimentally  defined  directions.  This 
program  is  still  being  developed  and  no  listing  is  included  in  this  report. 

3.  2  FREE  ION  ENERGY  LEVEL  CALCULATIONS 

Calculations  of  the  free  ion  spectra  of  rare  earth  ions  have  been 

{19  “2  1 ' 

extended  to  include  the  effect  of  three  body  operators.  The 

N 

Hamiltonian  for  a  free  ion  with  an  f  configuration  can  be  accurately 
represented  by  effective  operators  which  include  Coulomb,  spin-orbit, 
configuration,  spin-spin,  and  spin-other -orbit  interactions.  The 
configuration  interactions  which  account  for  Coulomb  interaction  between 
f^  and  configurations  which  differ  from  f^  by  the  excitation  of  two  electrons 
are  included  through  second  order  perturbation  theory  via  two  body 
operators.  These  two  body  operators  introduce  the  adjustable  parameters 
Oi,  8,  and  y  into  the  effective  Hamiltonian. 

N 

The  perturbing  effects  of  the  Coulomb  interaction  between  f  and 

N 

configurations  which  differ  from  f  by  single  particle  excitations,  i.  e.  , 

{ni  )N  *(n'£')  or  (ni)^  +  ^n'tf')4^  +  can  be  included  through  second 
order  perturbation  theory  by  the  introduction  of  effective  two  body  and 
three  body  operators.  The  two  body  parts  are  absorbed  by  the  parameters 
of  two  body  operators  already  present  in  the  effective  Hamiltonian. 
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(2  n 

Judd'  '  has  shown  that  the  effects  of  the  three  body  operators  can  be 
included  by  the  addition  of  six  terms,  t.T  (i  =  2,  3,  4,  6,  7,  8),  to  the 
effective  Hamiltonian.  The  quantities  b  are  effective  three  body  operators 
and  T1  are  adjur. table  parameters. 

We  have  determined  the  matrix  elements  of  the  three  body  operators 

3  11 

for  all  of  the  configurations  f  to  f  .  These  matrix  elements  now  exist 
in  £  form  such  that  the  Hamiltonian 

H  -  e'c,  +  .  +  E3e,  +  i  L.r.  .  i.  +  aL(L+l)  +  0G(G  )  +  yG(R  ) 

1  2  3  i  i  i  2  7 


0  2 
+  H  (M  ,  M  , 
ss 


4  024  2  4  6  v 

M  )  -  II  (M  ,  M  ,  M  )  +  H  (P  ,  F  ,  P  )  +  I-  t: 

600  C1  i=2,8 


car  t  c  readily  diagonalized  tor  any  contiguration  of  f  and  the  adjustable 

parameters  E1,  E2.  E3,  £.  a,  8,  y,  M°,  M2,  M4,  P2,  P4,  p\  T2, 
j  4  6  7  8 

T'  ,  T  T  ,  T',  and  T“  fit  to  the  experimental  data  by  computer  programs. 

The  terms  H  ,  H  ,  and  H  .  stand  for  spin-spin,  spin-olher-orbit,  and 
ss  soo  ci  (22 ,  2 3) 

electrostatically  correlated  spin  orbit  interactions,  respectively, 

With  the  inclusion  of  the  three  body  operators  we  are  thus  able  to  determine 

the  free  ion  energy  levels  and  state  vectors  using  all  of  the  interactions 

which  are  to  date  deemed  significant. 


At  present  we  have  carried  out  these  calculations  on  two  systems, 
YA^-GiNd  and  YA>  .  When  the  three  body  operators  were 

included,  the  RMS  error  between  experimental  and  calculated  free  ion 
centers  of  gravity  waw  reduc'd  significantly.  The  state  vectors  from  these 
free  ion  calculations  are  now  being  used  in  crybtal  field  calculations  which 
will  allow  for  the  identification  of  more  experimental  energy  levels.  The 
identification  of  more  experimental  levels  in  turn  allows  lor  improvement 
in  the  calculations.  This  process  will  continue  until  there  is  maximum  agree 
miMit  between  observed  and  calculated  energy  levels. 


3.3  CRYSTAL  FIELD  CALCULATIONS 


Crystal  field  calculations  have  been  completed  for  the  C^  symmetry 

site  of  SrF_:Gd  and  the  results  are  published  in  the  literatureP^  These 

^  (k) 

calculations  determined  the  crystal  field  coefficients,  B  's,  necessary 

to  obtain  agreement  between  calculated  and  experimental  energy  levels. 

In  addition  the  calculation  illustrates  the  importance  of  including  J-mixing 

in  crystal  field  calculations. 


Crystal  field  calculations  have  been  initiated  and  are  continuing  in 
order  to  determine  the  energy  levels  of  YAfOy.Ifr^+,  The  symmetry  site 
of  the  Er^  ion  in  YAfO^  has  the  point  group  .symmetry  C  .  Thus,  the 
perturbation  term  in  the  Hamiltonian  due  to  the  crystal  field  interaction  is, 


»cf  '  E  ebo«4  ’  ‘cz 

\ 

4  4  4  4  4  4  4  4  4  444 

*  BZ  <CZ  +  C-Z>i  +  4  VC4  +  C-4'i  +  iB,4(C4-C.4>i 


+  B0(C0>i  H  BZ(CZ  4  C-Z>i  +  iB’z(CZ  'C-2>i  +  B4(C4  +  C4> 
4  iB,X-C.4VfBX  +  C^,i  +  iB^-C^).]. 


This  shows  that  a  complete  specification  of  the  crystal  field  of  YAjO^:Er^+ 
will  require  the  minimization  of  fifteen  parameters  which  are  real  and 


imaginary.  We  are  currently  modifying  the  computer  programs  which  fit 
the  crystal  parameters  to  the  observed  spectra  so  that  the  complex 
coefficients  can  be  included  in  the  diagor.a  '  xatio.i  and  fitting  routines. 

In  the  p.ist  it  lias  been  the  practice  to  assume  that  ti.e  complex  coefficients 
are  small  and  thus  drop  those  terenb  from  the  I iainil i ■  >ni an.  Preliminary 
calculations,  however,  indicate  that  the  imaginai  y  ternu  are  not  insigni¬ 
ficant  and  bhuuld  be  included  in  ihc  fit. 


ZO 


3.  4  CALCULATION  OF  TERM  SHIFTS 


A  problem  of  long  standing  in  crystal  field  calculations  is  the 
problem  of  center -of -gravity  shifts  due  to  the  host  lattice.  The 
three  fluorite  hosts  MeF^  (Me  =  Ca,  Sr,  Ba)  provide  an  ideal  set  of  crystal 
fields  of  identical  symmetry  but  different  strengths  to  observe  these 


shifts' 


(28) 


A  composite  of  the  optical  absorption  spectra  for  the  P  .  and 

6  3+  *  “ 

Pj.^2  states  of  Gd  in  these  hosts  is  given  in  Figure  5.  Table  IV 

presents  a  summary  of  the  position  measurements  on  these  spectra. 

These  data  are  averages  taken  over  several  independent  high  resolution 

studies.  It  is  interesting  to  note  that  we 


found^at  the  BaF  lines  shifted 

-1  2  3+ 

on  the  order  of  1cm  in  an  anomalous  manner  with  increasing  Gd 


concentration  in  the  range  shown  in  Figure  5.  The  other  two  hosts  did 

not  present  a  similar  behavior,  the  line  positions  being  essentially 

3+ 

independent  of  Gd  concentration  as  generally  would  be  expected.  The 


analysis  of  the  BaF^  data  is  not  complete,  and  therefore,  will  not  be 


3+ 


discussed  further.  However,  it  is  interesting  to  point  out  that  the  Gd 
ligand  overlap  required  to  describe  the  term  shifts  could  also  be  at 


the  root  of  the  BaF  anomally. 

w 


The  outstanding  feature  of  the  spectra  in  Figure  5  is  that  regardless 

of  the  site,  all  the  lines  shift  to  high  energies  as  the  lattice  becomes 

larger  (i.  e.  Ca  to  Ba).  This  effect  is  most  evident  in  Table  IV  in  the 

AD  entries.  Clearly,  there  is  little  deviation  in  these  values  with 
c.  g. 

site  symmetry  or  between  the  two  states.  A  more  dramatic  presentation 
of  these  data  is  given  in  the  composite  energy  level  diagram  in  Figure  6. 
The  plotting  of  the  approximate  "free -ion"  positions  of  the  states  shows 
another  interesting  fact,  namely  that  the  site  spectra  do  not  approach 
these  positions  as  the  lattice  enlarges,  but  rather  they  cross  them.  This 
fact  indicates  that  the  term  position  determined  from  the  approximate 
"free -ion"  calculation'  '  '  based  on  Gd  in  the  LaCl^  host  is  also 
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Figure  S.  A  Composite  of  the  77°K  Absorption  Spectra  jf  the  ^7/2  *-nd  ^^5/2  of  Gd^+  in  Ca 

and  BaF2  Over  a  Range  of  Gd^  +  Concentrations.  [The  identities  of  the  lines  are  after  Makovsky  and 
Gilfaqov,  et.  ai,  text  reference  numbers  25  and  26,  respectively.] 


TABIjE  IV 


VACUUM  wavenumber  positions  and  crystal  field  splittings  of 

THE  bP7,2  and  6P5,,  STATES  OF  Gdi+  IN  THE  DOMINANT  sITES  OF  Ca,  Sr, 
and  BaFJ  at  77°K.  [Xll  values  in  cm"'  a  -  These  values  are  in  substantial 
agreement  with  those  reported  by  Makovsky  anc.  by  Gilfanov,  et.  a.  ,  text 
reference  numbers  25  and  26,  respectively,  b-  Site  identification  per  Makovsky 
(ibid.  )  c  -  The  C^site  in  CaF^  ha^s  been  reported  only  by  Makovsky  (ibid.  ) 
and  only  in  fluorescence  from  the 
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7/2 

32,095.4 

32,108.1 

32,143.3 


32,077.3 
32,082.4 
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32,1  1  5.0 
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32.191.8 
32,195  1 


SITE  V  (Sr) 

C.y. 
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c  q. 


S/2 

32,696.3 
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32,683.6 
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32.767.5 

32.777.5 


Oh 
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C 

C3V 

32,100.3 
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32,166.9 
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(Ca) 

B 
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32,701 .9 

A2/(overall) 


Sr  Ca 


32,758.4 


32,723.0 

(Co) 


32,723.4 

(Co) 


32800 
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shifted  from  the  true  free-ion  position.,  as  would  be  expected.  Furthermore, 
the  fact  that  the  shift  is  essentially  independent  of  the  J  value  suggests 
that  the  shift  depends  primarily  on  the  SL  character  of  the  state. 


In  order  to  reveal  the  SL  dependent  part  of  the  observed  shifts  it 

6 

was  necessary  to  estimate  the  positions  of  the  P  state.  By  applying 

/  6  3  f  &  ”4) 

the  Lande  interval  rule  to  the  ^7/2  3/2  states  observed  in  other  hosts' 

(see  Figure  1),  we  were  able  to  estimate  the  positions  of  the  unobservable 

,  state  in  the  various  sites  of  the  three  fluorite  hosts.  This  allowed 

3/2  .  6 
the  calculations  of  the  positions  of  the  ~P  term  for  the  experimental  case. 


In  order  to  emphasize  the  differences  between  the  calculated  shifts 
and  splittings  and  those  observed,  the  approximate  "free-ion"  values  were 
subtracted  from  the  data.  The  results  of  this  data  reduction  are  summarized 
in  Figures  7  and  8.  The  former  sluws  the  deviation  of  the  calculated 
spin-orbit  splitting  from  the  observed  values  for  the  cubic  site.  The  ^p^^ 
experimental  data  are  not  shown  because  their  deviations  are  on  the  same 
order  of  magnitude  e.s  the  uncertainty  in  their  positions.  We  shall  not 
be  concerned  further  at  this  writing  with  these  data. 


We  are  principally  concerned  with  the  data  given  in  Figure  8.  The 
straight  line  fits  to  the  points  are  given  only  to  show  the  general  trend  of 
the  data.  The  calculated  shifts  are  the  result  of  J  mixing.  Thus,  concentrating 
now  on  the  cubic  data,  wc  see  that  subtracting  the  calculated  shifts  from 
the  observed  shifts  provides  the  data  to  which  we  must  fit  our  calculation. 

(29) 

Rajnak  and  Wybourne  have  described  how  term  shifts  can  occur 

cliilerently  for  different  S.L  states  through  configuration  interaction  in  a 

second  order  perturbation  calculation  in  which  the  electron -elec Iron 

electrostatic  interaction  couples  to  the  crystal  field  interaction  via  the 

13  term.  However,  in  order  to  obtain  a  nonzero  value^  ^  the  overlap 
0  '  1 

between  the  RF  ion  and  the  surrounding  ligands  must  be  estimated.  Only 
tin  -jf  configuration  is  involved  and  wc  find  the  following  values  for  the 
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Figure  8.  The  Shift®  of  the  Observed  '77*K)  and  Calculate*'  ^p  team  Pusltiono  from  the  Approximate  "freo- 
lon"  Values  of  Gd^+  versus  the  Me^-i  ’  Spacing  in  the  McF^  (Me  «  Ca,  Sr,  Ba)  Hosts.  [  -  v 

(site  )  -  t'cg  ("free -ion'1  )•  Sec  text  and  Figures  (>  and  7.  The  point  y  gives  the  approximate  location 

of  the  ^P^term  pooition  in  the  "fr^e-ion"  host  l&Cl-i  after  Pikeio  et.  al.  ,  text  reference  number  2.  1 


term  pooition  in  the  "free-ion"  host  after  Pikeio  6t.  al.  ,  text  reference  number  2.  ] 


<[4f]  |  r 5£ ]  >  integral  where  the  brackets  denote  the  expansion  of  the  RE 

2  + 

wave  functions  to  include  the  ligand  wave  functions  The  Me  -F  distance 
R+  used  in  these  calculations  are  also  given. 


Host 

< [4f]  |  [Sf  ]  > 

r4.(A) 

CaF2 

-2.  73  x  1(T2 

2.  365 

s,P2 

1.  97 

2.  5  1  1 

DaF2 

-1.  32 

2.  68  > 

Using  these  overlap  integrals  with  the  calculation  described  by  P,ajnak 
and  Wybourne  we  arrive  ai  the  following  theoretical  term  shifts. 


CaF2 

SrF2 

B«F 

VS 

-222.  6 

-151.  5 

-94.  V  cm 

-22  1.  3 

-150.  6 

-94.  3 

°D 

-259.  8 

-17b.  8 

-1 10.  7 

It  can  of  shown  that  the  following  expression  relates  the  experimental  to 
the  calculated  centers -of-gravity. 

Af  (exp)  -  AP  (calc)  +  V  +  AE°, 
eg  eg  r  0 

0 

where  A-T  is  the  value  given  in  the  above  tabic  and  p  is  the  reference 
0  r 

energy  which  lb  uppt  oximalcly  given  by. 

V  -  -AL^  ("free -ion"  host), 
r  Q 


and  the  AP's  are  the  values  measured  relative  to  tin-  approximate  free -ion 

values.  A  least  squares  analysis  of  ihe  Ap  (exp)  -  Ap  (calc)  versus 

0  3(.  6,  c8 

AL  function  for  the  o  -  1’  energy  separation  gives  ar  excellent  fit 


2  b 


to  a  straight  line  with  slope  of  0.  49  ±  0.  02  and  intercept  of  118  -  3  cm 

The  uncertainties  are  due  to  the  deviations  of  the  ordinate  values  from  the 

0  -1 

fitted  line.  Thus,  the  La Ci  ,  "free -ion"  host  has  a  AE  ^118  cm 

v  8  6^ 

shift  from  the  true  "free -ion"  position  for  the  S  -  P  energy  separation. 

That  the  slope  is  not  unity  as  predicted  is  of  little  importance  since  there 
were  many  factors  used  in  this  calculation  which  were,  at  best,  approximate. 
The  quantity  AE^  has  a  fairly  well-defined  functional  dependence  on  the 
R  +  distance.  This  is  given  by  the  following  expression. 


where  A,  B,  and  C  all  >0- 

The  pararnot*  r  A  includes  the  Madelung  constant  at  the  cation  site 
and  depends  on  the  SL  character  of  the  two  states.  The  parameters  15 
and  C  arc  determin’d  by  the  details  of  the  RE  ligand  overlap,  basically, 
‘.he  calculation  descr.bcd  here  determines  the  ratios  of  the  values  of  A 
that  belong  to  different  pairs  of  states  and  the  ratio  C/B.  Specific  values 
for  the  product  Ab  and  for  the  reference  energy  V  can  then  be  determined 
by  fitting  thorn  to  the  experimental  data,  A  paper  describing  the  details 
of  this  calculation  io  in  preparation.^ 


SECTION  4 


EXPERIMENTAL  LASER  MATERIALS  STUDIES 

Considerable  effort  has  been  devoted  to  constructing  an  experimental 
facility  at  the  Air  Force  Materials  Laboratory  (AFML)-  for  the  evaluation  of 
laser  materials.  This  work  has  progressed  along  the  following  logical  outline. 
Initial  measurements  and  preliminary  experiments,  to  be  described  below,  were 
performed  on  a  Nd:FAP  Nd:  Ca_  (PO.),  F  and  a  Nd:YA£0,  laser  rod.  Following 
these  early  tests  a  more  elaborate  experimental  program  was  outlined  ard  the 
equipment  necessary  for  its  implementation  was  either  constructed  in  the 
University  of  Dayton  Research  Institute  (UDRI)  shops  or  provided  by  AFML. 

This  experimental  capability  has  a  two -fold  purpose:  laser  materials 
testing  and  nonlinear  optical  materials  evaluation  (SHG).  These  two  tasks  are 
related  in  that  a  high  quality  laser  system  is  required  for  successful  SHG 
materials  studies.  However,  ".he  laser  materials  evaluation  must  be  designed 
to  include  such  a  wide  variety  of  capabilities  that  several  different  facilities 
are  actually  required.  The  progress  towards  the  accomplishments  of  these 
goals  will  be  described  in  the  following  paragraphs:  1)  Initial  experiments 
and  results,  and  2)  materials  evaluation  experiments  under  construction. 

It  must  be  pointed  out  that  no  experimental  capability  of  this  type  existed  within 
the  laboratory  at  the  start  of  this  contract  and  only  a  limited  capital  budget 
was  available.  Hence,  this  facility  is  still  in  its  early  stages  of  development. 

The  Nd:FAP  laser  rod  initially  presented  for  evaluation  was  0.  390- 
inch  in  diameter  and  6 -inches  long.  This  was  the  largest  rod  to  be  studied 
since  in  most  cases  the  laser  materials  suppliers  under  contract  to 
AFML  are  to  provide  rods  of  3  mm  to  1 /4-inch  diameter  and  from  30  mm 
to  3-inc.hes  long.  This  wide  range  of  rod  diameter  provided  a  considerable 
challenge  in  the  design  of  a  laser  pump  cavity  or  "laser  head".  The 
proper  design  of  a  pump  cavity  requires  that  the  designer  start  with  a 


30 


laser  rod,  preferably  with  known  pumping  characteristics  and  efficiency. 

With  this  information  the  designer  selects  an  appropriate  pump  source 
(in  this  case,  a  flashlamp  since  pulsed  operation  is  desired)  and  cavity 
configuration.  Because  of  the  large  rod  diameter  and  correspondingly 
large  flashlamp  size  the  minimum  size  ellipse  of  optimum  aspect  ratio 
for  maximum  pump  efficiency  was  over  six  inches  long  with  a  minor  axis 
of  3-inches  and  a  major  axis  5 -inches  long.  It  was  also  desirable  to 
vary  the  relative  positions  of  the  flashtube  and  laser  rod  within  the  ellipse 
in  order  to  obtain  engineering  data  for  future  designs.  There  was  also  a 
requirement  for  the  cooling  of  the  laser  rod  including  liquid  N_  cooling 

w 

and  the  need  for  spectral  filtering  of  the  pump  radiation  to  prevent 
solarization  by  the  ultraviolet  emissiuu  from  the  lamps.  Figures  9 
through  11  are  drawings  of  the  apparatus  constructed  to  achieve  these 

design  goals.  Suitable  detectors  for  monitoring  the  power  output  had  to  be 
constructed.  A  cone  calorimeter  using  a  differential  heating  principle  is 
used  to  measure  total  power  output.  A  typical  output  pulse  from  the  cone 
calorimeter  is  shown  in  Figure  12.  An  RCA  922  vacuum  photodiode  detector 
provided  a  fast  resporo  e  detector  at  1.  06  pm  at  a  nominal  cost. 

The  FAP  rod  was  installed,  in  the  pump  cavity  previously  deicribed, 
with  a  resonant  cavity  consisting  of  a  99.  5%  total  reflector  and  only  the 
fresnel  reflection  from  the  front  of  the  rod  as  the  output  coupler. 

Alignment  was  accomplished  initially  with  the  aid  of  a  HeNe  laser 
and  finally  optimized  by  alternately  adjusting  the  mirrors  and  firing  the 
laser  at  a  fired  pump  energy  until  the  maximum  output  energy  was 
indicated  by  means  of  an  uncalibrated  ballistic  calorimeter. 

With  the  laser  rod  at  or  near  one  focal  point  of  the  ellipse  the  flashlamp  was 
moved  along  the  major  axis  of  the  ellipse  until  a  maximum  output  energy 
was  obtained  with  a  fixed  lamp  input  (see  Figure  13). 
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on  the  Left  At  One  Focus  of  the  Filip--' 


TIME  (SEC) 


Fi  uro  !  A  Sample  Trace  of  the  Signal  Obtained  from  the  Cone 
Calorimeter  Fabricated  by  University  of  Dayton  Research  Institute 
Personnel  for  Measuring  Pulsed  Laser  Output  Energy.  [This  Device 
has  About  Twice  the  Sensitivity  of  a  Similar  Commercial  Device.  ] 


After  optimizing  the  cavity,  threshold  was  measured  using  a  922 
RCA  photodiode  and  an  oscilloscopeto  detect  the  laser  output.  Lasing 
threshold  occurred  at  a  pump  lamp  input  of  90  Joules. 

With  an  input  of  250  Joules  to  the  pump  lamp  the  beam  divergence 
was  excessive,  perhaps  as  much  as  several  hundred  times  diffraction 
limit.  This  was  due  to  the  high  degree  of  optical  inhomogenity  and  generally 
the  poor  quality  of  the  rod  material.  In  spite  of  these  facts,  the  threshold 
of  the  system  was  very  low  and  proved  the  pump  cavity  to  be  an  efficient 
design. 

A  Nd:YAjfcO^  rod,  3  mm  diameter  by  30  mm  long,  was  installed  in 
place  of  the  FAP  rod  and  an  85%  output  coupler  added.  Threshold  for 
this  system,  measured  as  before,  was  122  Joules  input  to  the  pump  lamp. 

In  a  pump  cavity  designed  for  this  size  rod  a  threshold  of  perhaps  10  Joules 
would  have  been  expected. 

However,  in  this  particular  pump  cavity  the  arc  volume  of  the  pump 
lamp  exceeded  the  active  material  volume  by  a  factor  of  approximately 
10  which  indicates  that  this  is  also  a  reasonable  threshold  when  all  of 
the  factors  influencing  threshold  are  considered. 

These  experiments  have  shown  that  efficient  pump  cavities  can  be 
constructed  in  house  if  required. 

The  following  items  of  equipment  and  instruments  have  been  assembled 
within  this  contr<ict  period  to  facilitate  the  tasks  of  laser  and  SHG 
materials  evaluation. 

Two  laser  heads:  one  water-cooled  double  ellipse  capable  of  CW 
operation  with  a  variety  of  lamps  and  laser  rod  diameters  and  a  second 
air  cooled  ellipse  described  above  for  pulsed  operation.  An  air  cooled 
ruby  system  complete  with  power  supply  is  also  available.  An 
extensive  selection  of  pulsed  and  CW  arc  lamps  filled  with  xenon  and 
krypton  are  also  on  hand.  A  pulsed  power  supply  has  been  constructed 
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entirely  with  resources  available  to  this  contract.  The  pulsed  supply  and 
mechanical  Q-switch  are  shown  in  Figure  14,  connected  in  a  typical 
configuration.  The  Q-nwitch  is  also  of  local  design  and  construction. 

Because  this  power  supply  contains  several  unique  features,  its  operation 
will  be  described  in  some  detail  in  Appendix  A.  Installation  of  a  closed 
cycle  cooler  was  undertaken  during  this  contract  period  but  has  not  been 
completed.  It  was  found  necessary  to  install  additional  filters  and  flow 
control  apparatus  to  the  commercially  produced  unit.  Before  the 
cooling  system  failures  occurred  some  preliminary  data  were  taken. 

These  tests  are  described  elsewhere  in  this  report.  A  DC  power  supply 
for  driving  the  CW  arc  lamps  are  also  provided  by  AFML  in  conjunction 
with  the  cooler  and  is  currently  being  integrated  into  the  test  facility. 

Several  detectors  have  also  been  constructed  and  tested.  The  require¬ 
ments  for  observing  intense  sources  such  as  flashlamps  and  lasers  in 
the  visible  and  near  IR  is  met  quite  adequately  by  silicon  pin  devices 
and  by  vacuum  photodiodes  with  SI  and  S3  spectral  response  photocathodes. 

These  detectors  have  a  very  fast  time  response  (less  than  1  nsec) 
and  are  relatively  inexpensive.  The  vacuum  photodetectors  are  mounted 
in  an  arrangement  which  allows  the  use  of  1 -inch  diameter  filters  and  lenses 
and  has  a  variable  iris  diaphragm  and  shutter.  The  output  can  also  be 
electronically  integrated  with  varous  time  constants.  Load  impedences 
are  also  selectable  from  50  f)  to  1  MQ.  For  work  in  the  near  IR  (out  to 
ip)  a  dewar  mounted  CdS  detector  was  constructed  by  UDRI  personnel. 

This  detector  has  a  very  slow  response  time  (greater  than  300  p  sec) 
and  is  not  suited  for  the  observation  of  fast  pulses.  For  the  measurement 
of  total  energy  emitted  in  pulsed  observations  a  calibrated  ballistic 
thermopile  was  obtained  from  Hadron,  Inc.  This  device  will  be  useful 
at  pulse  energies  greater  than  those  which  can  be  measured  with  the 
"homemade"  calorimeter. 

Various  adjustable  laser  mirror  mounts  ltave  also  been  fabricated 
and  a  versatile  table  top  system  of  mounting  blocks  are  available  to  set  up 
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Figure  14.  Block  Diagram  of  Pulsed  Power  Supply.  [The  Functioning  of  This  Power  Supply  for 
Pulsed  Supply  for  Pulsed  Laser  Operation  is  Described  in  the  Text.  This  Block  Diagram  Shows 
the  General  Layout  and  Interconnections  which  Allow  q-switch  Operation,  Charge  Level  Sensing, 
and  Overvoltage  Protection.  ] 


the  materials  tests,  These  fixtures  allow  rigid  mounting  of  all  components 
to  an  aluminum  toped  table  made  of  "Unistrut.  "  The  specially  constructed 
table  is  needed  for  the  most  efficient  utilization  of  laboratory  space  for 
the  location  of  capacitor  banks,  pulse  forming  netv.'orks,  cooling  water 
circulation  eq  lipment,  and  other  utilities. 

A  temperature  controlled  oven  for  the  nonlinear  optical  materials 
evaluation  was  also  set  up  and  checked  out.  This  item,  supplied  by  AFML, 
will  be  incorporated  into  Lhe  test  facility  as  required.  Figure  lb  shows 
a  block  diagram  of  this  set  up  under  development  for  evaluating  nonlinear 
materials. 

4.  1  Other  Activities 

As  an  amendment  to  this  constract  some  CO^  laser  work  was  perform 
in  the  spring  of  197  1  by  R.  D.  Petty  ami  ,T.  A.  Detrio.  The  design, 
construction,  and  checkout  of  the  laser  and  some  preliminary  studies 
required  diversion  cf  their  efforts  from  the  bulk  of  the  work  described 
here.  In  addition  to  this  special  task  both  men  also  participated  in  another 
rest  trch  program  over  an  additional  period  of  approximately  6  months. 

This  necessary  interruption  .vac  in  part  compensated  for  by  the  release 
of  financial  resources  to  purchase  some  much  needed  materials  and 
equipment  for  the  materials  evaluation  facility. 
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Figure  15.  Block  D  ’uram  Showing  the  Nonlinear  Materials  Test  Facility  that  is 
Currently  Being  Integrated  into  th-  Laser  Materials  Evaluation  Apparatus.  [The 
Diagram  is  Somewhat  Schom.iti'  but  Shows  the  Basic  Measurements  Desired. 

The  Dotted  Outline  Indicates  the  Nonlinear  Materials  Experiments.  The  Additional 
Dispersive  Elements  and  Detectors  Required  arc  now  Shown.] 
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SECTION  5 


RE-DOPED  CdF„ 


Cadmium  fluoride  CdF^>  in  its  pure  form,  is  an  insulator  with  a 

6cv  band  gap.  When  it  is  doped  with  certain  trivalent  ions  and  baked 

in  cadmium  vapor  at  500°C,  donor -type  impurity  centers  are  formed 

making  the  material  a  n-type  £  eniiconductoi  ^  Reports  on  electro- 

4  -minesccnce  (EL)  using  this  material  have  been  sparse.  Light-emitting - 

3+  3+ 

diodes  (LED's)  made  from  this  material  doped  with  either  Sm  ,  Eu  , 

3+  ,  ,  .  (32)  ,  (33)  .  ,  ,  .  ,  , 

or  I  rn  using  electrolytic  and  metallic  blocking  electrodes  have 

been  described.  The  rather  obvious  opportunity  to  develop  LED's  which 

emit  the  characteristic  spectra  ol  the  RE's  is  the  primary  basis  for  this 

work  with  the  final  goal  being  to  achieve  bulk  electroluminescence  (EL) 

of  such  RE -doped  samples  suitable  for  use  in  a  laser  configuration. 

The  work  accomplished  during  the  contract  period  consists  of 

the  build-up  of  facilities  for  sample  conversion,  surface  preparation, 

(34) 

electrode  application,  and  EL  testing.  A  preliminary  study  of  the 

electrical  properties  of  the  semiconducting  (i.  o.  ,  converted)  samples 

was  completed.  The  results  of  this  study  showed  that  a  metal-insulator- 

semiconductor  (MIS)  s.ructurc  could  easily  L  formed  using  the  converted 

CdF^  eain|.  .es.  It  also  showed  that  tire  conductivity  which  was  introduced 

via  a  Gd^  impurity,  could  be  rjduced  by  the  coaddilion  of  a  Cc^ 

3+ 

impurity.  Effectively,  the  C«  provide  a  deep  trap  and  thus  behaves 

essentially  like  a  compensator  impurity.  The  studies  performed  on  LED's 

using  samples  singly  doped  with  Gd^  show  tliat  the  L'L  contains  the 

3 1  0 

characteristic  spectra  ol  Gd  at  about  2780  and  3120  A  plus  a  weak, 

o 

broao -band  emission  extending  from  3000  to  bOUO  A.  a  preprint  of  u 
short  paper  describing  these  results  ib  given  in  Appendix  B.  This  paper 
also  provides  brief  descriptions  of  the  fabrication  technique  and  the 
interpretation  of  the  observations. 


3+  3  + 

Samplcs  containing  both  Gd  and  Ce  have  also  been  fabricated 


into  the  LED  configuration. 


The  electrical  behavior  of  these 


LED's  are  similar  to  that  of  the  single  doped  devices  with  the  following 
exception.  Because  of  the  lower  conductivity  caused  by  the  Ce^+  impurity 
or,  perhaps,  due  to  some  additional  contributi on  from  this  impurity,  the 
double  doped  samples  usually  gave  higher  resistances  both  in  the  forward 
and  reverse  biased  directions  but  with  the  reverse -to-forward  resistance 
ratio  also  higher. 

The  pholoexciled  bpceLru  of  the  double-duped  samples  shown  in 

Figure  16  are  quite  different  from  the  Gd"^  doned  samples.  Besides 
3+  0 

the  Cc  emission  band  at  around  Z900  A,  there  are  many  differences  in 

the  visible:  spectra  of  both  the  unconverted  and  converted  samples,  curves 

3  + 

A  l,  AZ,  13  1,  BZ,  and  B3  in  Figure  16.  It  is  apparent  that  the  Ce  greatly 
altcrb  the  impurity  levels  in  the  energy  gap.  Finally,  the  EL  spectrum 
shown  in  Figure  16,  curves  C  and  C,  illustrate  the  most  »ignificaiu 
difference  namely  that  of  «  gteall>  increased  blue -white,  broad -band 
output  compared  to  the  characteristic  emission  of  Gd^.  The  efficiency 
of  this  blue-white  emission  from  the  double -doped  LED's  was  increased 
by  at  least  a  factor  of  100  over  the  Gd  doped  devices  such  that  the 
devices  could  be  operated  at  10  to  15  volts  dc  and  be  observed  in  a  dimly 
lighted  room.  The  Gd  doped  samples  had  to  be  pulsed  to  achieve 
visually  observable  light.  The  quantum  efficiency  of  the  doubh  doped 
LED's  constructed  thus  far  arc  estimated  to  be  on  the  order  of  0.  001  to 

u.  o )  %. 


The  mechanism  for  the  broad -band  EL  appears,  at  the  present 
time,  to  be  due  to  both  impact  ion, nation  and  recombination  processes 
that  occur  when  the  mobile  electrons  (contributed  by  the  Gd  impurity) 
interact  with  the  vuiiuus  centers  created  by  the  presence  of  the  impurities. 
Our  studies  on  Sr double  doped  with  Gd  and  Ce  reported  in  Section  Z 
of  this  report,  strongly  suggest  that  the  double  clusters  of  Gd ^  and  Ce'** 
could  be  the-  centers  responsible  for  the  observed  spectra.  This  is  supported 
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OBSERVED  RADIANT  POWER  (ARBITRARY  LINEAR  SCALES) 


WAVELENGTH  IA) 


Pipuro  16.  The  Room  Temperature  >'luore*c«n< e  and  Llei  troluminnx  enc  e  .Spectra  of  C.d1'; 
double  doped  with  GH**  .tnd  Co  |  Curve*  Al  and  AZ  i  r-  of  the  fluureacence  apectra  ol  an 
unconverted  (I  naulatlng)  •  am  pin.  Curve*  HI,  HZ,  and  113  air  fluo  r  e  *c  Bin.  e  apoelra  of  a 
converted  ( „  eon  c  ondu  r  I  •  or )  *  ample.  Curves  C  end  C  are  the  electroluminescence  spectra 
Ji'odii.ri]  l.y  a  l.l'.l)  made  from  a  converted  ■ample.  Curve*  Al  anil  11J  were  c.htatned  u*tng 
ZSOO  )  i:K(  llatlon,  cuiven  A  Z  a  n  f  I  I> Z  wt l h  Z750  f  ax*  llatinn,  Atrl  i  urw  113  v/ith  ZZ  c.  Q  excitation 
l-'irvri  C  and  C  were  taken  with  SUOO  and  3(J(JU  Ablazed  prating*,  reaper  lively,  The  nominal 
concentration*  were  0.  0£  mole  pec  <  cut  G'J1  *  plu*  0.  DZ  io  0,  1  mule  peri  out  Ce1'*,  The  ipeetra 
were  taken  with  a  ll’ZH  I'M  tube  and  arc  uncorrected  for  *y*tom  ieapon*e.  ] 


3+ 

somewhat  by  the  fact  that  the  Gd  absorption  spectra  of  the  unconverted 
double-doped  samples  shows  a  complete  redistribution  of  site  concentrations 
with  the  appearance  of  a  new  site  spectrum  not  observed  in  the  single  doped 
samples  whose  splitting  pattern  is  very  similar  to  the  nearest-neighbor 

doubles  spectrum  identified  in  the  double  doped  SrF  spectra.  Additional 

3+  2  3  + 

indirect  evidence  for  clustering  of  Ce  ions  with  each  other  and  with  Gd 

o 

comes  from  the  appearance  of  a  2900  A  fluorescence  emission.  Because 

of  the  very  nearly  equal  lattice  sizes  of  CdF_  and  CaF^,  we  would  expect 
3+  2 

to  see  two  Ce  fluorescence  bands  at  wavelengths  close  to  the  3250 
o  o 

and  3450  A  bands  of  CaF  instead  of  one  band  at  2900  A.  Also,  according 
(36)  3+  2 

to  Loh,  Ce  in  tetragonal  (C^)  sites  of  CaF  has  absorption  bands 

o  0  o 

above  2000  A  at  2050  and  3100  A.  He  identifies  a  cluster  band  at  2450  A 

which  from  our  studies  of  double  doped  SrF  has  been  tentatively  assigned 

to  the  nearest-neighbor-doubles  cluster.  In  the  absorption  spectra  of 

3+  0 

Ce  in  CdF  we  find  a  strong  band  at  2480  A  with  two  relatively  weak 

^  o 

bands  at  3070  and  2170  A.  Thus,  the  fluorescence  and  absorption  spectra 
3+  3+ 

due  to  Ce  strongly  suggest  that  the  Ce  ions,  at  least,  and  probably 
3+ 

the  Gd  ions  are  clustering  at  relatively  low  concentrations  (viz,  less 
than  0.2  mole  percent).  The  blue -white  EL,  then,  would  be  intimately 
tied  to  the  energy  level  scheme  of  these  clusters  and  to  the  impurity 
band  structure  which  would  occur  at  high  impurity  concentrations. 

An  invention  disclosure  describing  the  applications  of  this  material  has 
been  submitted  to  the  sponsor. 


45 


SECTION  6 


E PR  STUDIES 


The  EPR  studies  conducted  during  this  work  period  were  concentrated 

on  the  SrF>  and  CdF^  hosts  containing  Gd^  and  Ce^  ,  both  singly  doped 

and  together  as  codopants.  The  work  on  the  SrF^  systems  was  initially 

motivated  by  previous  optical  studies,  The  goal  was  to 
3i" 

obtain  the  Cc  site  symmetries  in  the  double  doped  samplcb.  However,  the 
experiments  were  inconclusive  showing  only  the  expected  Ce'*  tetragonal 

spectra  and  the  cubic  (O  ),  tetragonal  {C  ),  and  trigonal  (C  )  spectra 

3+  '  **(37)  ^ 

of  Gd  .  Nevertheless,  a  detailed  analysis'  of  the  relative  intensities 

of  the  Gd*  site  spectra  showed  an  anomolous  increase  of  the  cubic 

site  concentration.  As  it  turned  out,  the  increase  had  also  been  observed 

in  the  optical  absorption  spectra  (see  Section  l  of  this  report).  A 
(9) 

paper  was  published  in  which  this  behavior  of  the  cubic  site  concentration 
was  tentatively  tied  to  the  postulated  existence  of  a  local  cubic  phase. 

The  theoretical  basis  for  such  a  model  of  the  cubic  site  is  summarized  in 


Section  3  of  this  report. 

The  £  PR  studies  of  the  CdF  (Cd“,  +  ,  )  system^*^  is  best 

£  (39) 

summarized  by  the  abstract  uf  the  thesis  written  front  these  studies. 

3i  3  3 

"  The  effects  of  Ce  doping  on  the  room  temperature  Gd  EPR 

spectra  in  insulating  and  semiconducting  double  doped  CdF  :0,  OZ  J/o 
33  3+ 

Gd  3  0.  xv/o  Ce  are  investigated  (0.  006  %  x  *■  0.  6%).  In  the  insulating 
ciystals,  fur  0.  006 %  Ce  concentration  the  spectrum  it  described  by  u 
cubic  spin  Hamiltonian.  For  the  crystal  with  0.  0Z%  Ce*  +  concentration, 
the  spectrum  is  due  to  Gd*  in  a  trigonal.’ y  distorted  environment.  The 
cubic  Hamiltonian,  with  the  addition  of  a  very  small  b  term  describes 
the  bpcctra.  The  t/  term  is  about  1/70  of  that  which  is  found  for  Gel J  * 
in  trigonal  sites  in  other  iluorite  crystals.  For  0.  Ofifg  Ce  concentration 
the  spectrum  aiiues  from  both  cubic  and  weakly  trigcmally  distorted 


4  b 


3+ 

sites.  For  the  0.  5%  Ce  crystal  the  spectrum  is  cubic.  Cubic  spin 
Hamiltonian  parameters  were  found  for  all  insulating  crystals  and  in  all 

cases  the  parameters  were  within  g  =  1.  991  +  0.  003;  b^  =  (47.  0  +  0.  6)  x 

-4  -10  -4-1  4  - 

10  cm  and  b.  =  (0.  1  +  0.  1)  x  10  cm  .  An  ad-hoc  model  is 
6  — 

presented  to  account  for  these  observations. 


3+ 


The  spectrum  of  the  semiconducting  0.  006%  Ce  crystal  consists 

of  seven  cubic  Gd^*  lines  and  an  eighth  resonance  line  that  occurs 

around  32°  away  from  [  00  3]  .  This  is  presumably  due  to  exchange  interaction 

between  Gd^+  ions  and  trapped  electrons  that  are  present  as  a  result  of 

the  insulator  to  semiconductor  conversion  process.  The  intensity  of  the 

cubic  spectrum  is  about  2%  of  the  intensity  of  the  eighth  resonance.  The 

3+ 

results  for  the  semiconducting  0.  02%  Ce  crystal  are  similar.  For  the 

3+  i  _  3+ 

semiconducting  0.  06%  Ce  crystal  the  intensity  of  tne  cubic  Gd  spectrum 

is  increased  and  the  intensity  of  the  eighth  resonance  is  decreased  indicating 

a  decrease  in  the  number  of  trapped  electrons.  This  is  consistent  with  the 

3+ 

increase  of  resistivity.  The  0.  5%  Ce  crystal  did  not  convert  to  a  semi¬ 
conductor  although  a  number  of  attempts  were  made  to  convert  it.  The 
noncubic  spectra  found  in  the  insulating  crystals  is  not  detected  in  the 
semiconducting  samples.  " 
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SECTION  7 


PULSED  RAMAN  TECHNIQUE 

Raman  spectroscopy  provides  information  regarding  certain  vibrations 
of  molecules,  6olid  lattices,  and  of  molecular  complexes  within  solid 
lattices.  In  the  simplest  terms,  the  vibrating  system  causes  the  polarization 
of  the  medium  to  oscillate  with  very  small  amplitudes  at  frequencies  that 
are  characteristic  of  the  vibration.  Thu6,  when  an  electromagnetic  wave 
in  the  visible  range  is  incident  on  the  medium,  it  has  in  the  scattered  light 
frequencies  which  are  shifted  above  and  below  the  incident  frequency  in 
addition  to  the  usual  unshifted  Rayleigh  light.  These  shifted  frequencies 
make  up  the  Raman  spectrum. 

One  of  the  uses  of  Raman  spectroscopy  is  the  study  of  the  vibrations, 
usually  referred  to  as  local  modes,  associated  with  an  impurity  ion  or 
complex  in  a  crystal.  As  discussed  in  Sections  2  and  5  of  this  report, 
there  is  considerable  evidence  for  the  claim  that  clusters  of  impurity 
ions  in  crystals  can  provide  unique  and  valuable  optical  and  elec tr ooptical 
properties.  Raman  spectroscopy  coupled  with  the  usual  absorption  and 
fluorescence  spectroscopy  studies  can  provide  a  fairly  complete  picture 
of  the  ion  placement  in  the  complex.  Unfortunately,  doped  crystals  of  the 
type  of  interest  here  will  p-oduce  strong  fluorescence  emissions  when  the 
sample  is  irradiated  with  an  intense  laser  beam  in  a  Raman  setup.  Thus, 
the  observed  spectra  will  usually  consist  of  a  rather  complicated  mixture 
of  Raman  and  fluorescence  spectra. 

When  it  was  decided  to  buildup  a  Raman  facility,  it  was  apparent  that 
a  means  of  discriminating  against  the  fluorescence  was  required. 

A  review  of  current  Raman  techniques^  ^  indicated  that  the  method  of 
time  discrimination  against  fluorescence  wa  clearly  possible  but  had 
not  been  clone.  This  method  uses  a  pulsed  laser  wherein  the  duration  of 


4M 


pulse  Is  short  enough  Lu  prevent  buildup  of  the  fluorescence  emission.  Since 

the  response  time  of  a  fluorescence  emission  process  is  much  slower  than 

that  of  the  Raman  process,  if  the  photodetector  is  gated  on  only  during  the 

laser  pulse,  then  the  Raman  signal  will  be  fully  detected  while  the  fluorescence 

signal  will  be  reduced  according  to  the  extent  that  its  response  time  is  greater  than  the 

(41 ) 

laser  pulse  length.  A  paper  describing  this  technique  as  applied  to  one 
particular  regime  of  fluorescence  processes  has  been  published.  Further 
details  on  the  technique  can  be  obtained  from  this  paper.  An  invention 
disclosure  on  this  technique  has  been  submitted  to  the  sponsor. 
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APPENDICES  FOR  PART  I 


APPENDIX  A 

POWER  SUPPLY  OPERATION 

The  power  supply  built  for  repetitive  pulsed  operation  is  capable  of  deliv¬ 
ering  a  constant  current  of  150  niA  at  up  to  5  KV.  The  charging  control  (voltage 
setting)  and  constant  current  feature  are  made  possible  by  the  use.  of  an  AC 
constant  current  network  on  the  n>  ».n  i  >r>ut  to  the  supply.  This -resonant  cir¬ 
cuit  is  tuned  so  that  when  the  com  ‘ol  tr;  i c  is  fired  the  series  resonance  pro¬ 
duces  a  very  high  impedance  to  the  input  and  no  current  flows  in  the  primary  of 
the  high  voltage  transformer,  This  arrangement  works  well  because  a  solid 
state  device  such  as  the  triac  can  be  switched  to  a  conducting  state  readily,  whereas 
interrupting  the  flow  of  current  with  such  a  device  in  series  with  the  line  cm  be 
less  reliable  and  usually  requires  more  '  drive.”  The  output  of  the  high  voltage 
transformer  is  full-wave  rectified  and  is  used  to  feed  the  capacitive  storage 
bank.  The  output  of  the  bridge  is  also  shunted  by  a  high  resistance  voltage 
divider  to  allow  the  voltage  level  to  be  sensed  by  op-amp  circuits  which  control 
the  firing  of  the  triac.  A  number  of  safety  interlocks  also  control  the  firing  ol 
the  triac  and  an  additional  relay  controlled  storage  bank  dump. 

The  firing  of  the  lamp  is  controlled  in  several  modes:  1)  free- running 
pulsed  operation  controlled  by  a  variable  frequency  pulse  generator,  Z)  single 
s'  ’  -  Q  switched  and  long  inode  operation,  and  i )  repetitively  operated 
Q- switched  operation.  The  flashlamp  pulses  are  synchronized  with  the  location 
of  the  mechanical  Q-  switch  by  means  of  a  synchronous  pulse  generated  at  the 
rotating  mirror  by  a  magnetic  tiickup,  These  pulses  are  fed  into  a  digital 
logic  circuit  which  allows  them  to  be  counted  down  from  15000  ppm  to  a  repe¬ 
tition  rate  within  the  capability  of  the  flashlamp  and  power  sui  ply.  The  timing 
pulses  are  amplified  and  used  to  drive  the  series  injection  trigger  circuit 
(lX'jt.'G  model  1  'to A) . 

A  similar  sequence  is  followed  in  the  single- shot  case  but  only  one  pulse 
is  generated.  In  the  "long  mode''  operation  the  Q- switch  is  not  used.  The  com¬ 
plete  design  contains  additional  features  which,  are  required  for  operation  but 
which  are  not  essential  for  explaining  the  principles  of  operation. 

55 


APPENDIX  B 


ELECTROLUMINESCENCE  OF  Gd3  +  -DOPED  CdF 
IN  A  LIGHT -EMITTING  DIODE* 

Perry  Pappas  Yaney  and  Michael  A.  Bafico 
Department  of  Physics,  University  of  Dayton 

ABSTRACT 

Light- emitting  diodes  were  fabricated  using  CdF^  (0,02%  Gd  )  which  had 
been  converted  to  the  n-type  semiconducting  state  by  heating  in  cadmium  vapor, 
The  elect: oluminescence  was  observed  at  the  negatively- biased  blocking  elec¬ 
trode  with  5  to  1  5  volts  applied.  The  emitted  light  consisted  of  the  expected 

3  t  o 

characteristic  near-uv  spectra  of  Gd  (2780  and  3120  A)  and  a  previously  unre- 
o  o 

ported  .3000  A  wide  band  centered  at  about  4500  A.  The  nearly-white  emission 
was  sufficient  to  be  seen  in  a  dimly  lighted  room  and  the  radiant  power  output 
had  an  approximate  cubic:  dependence  on  the  diode  current.  The  observations 
were  made  at  room  temperature . 

TEXT 


In  1962  Kingsley  and  Prone  '  reported  that  normally  insulating  CdF  , 

which  was  doped  with  certain  trivah  .it  ions,  could  be  converted  to  a  i-typc 

semiconducting  state  by  heating  in  cadmium  vapor  at  about  500°C.  Since  that 

(2) 

time.-,  numerous  papers  have  appeared  directed  primarily  at  the  electrical 
and  optical  properties  of  this  interesting  material.  The  trivalent  ions  most 
often  U'jt-d  to  effect  conversion  are  certain  members*^  of  the  rare  earth  series. 


The  attractive  possibility  of  electrical  excitation  of  the  characteristic  fiuor- 

(4  5)  x-  3-1 

esc  once  spectra  of  these  ion.  :n  a  solid  was  reported  ’  for  Sm‘  ,  Eu  ,  and 

V  | 

Tb  from  the  negatively-biased  blocking  electrode  of  a  two-terminal  device 


using  semiconducting  CdF^  as  the  intervening  medium.  The  purpose  of  this 

letter  is  to  report  additional  observations  on  GdF^  light- emitting  diodes  (LED's; 

j  >  2 

using  Gd  as  tne  dopant. 


Gadolinium  ’s  unique  among  the  rare  earth  scries  in  that  its  only  fluor- 

e ounce  emission  is  in  the  near-uv  and  originates  iron  the  S  manifold  of  crys- 

-  1  o  (, 

tal  field  levels  around  36,060  cm  (2780  A)  and  the  P  manifold  around 

-1  °  (6) 

32,000  cm  (3120  At.  The  terminal  levels  for  these  transitions  and  the 

(.  8 

only  levels  below  the  l1  group  are  those  of  the  S  ground  stale. 

36 


Con  v  e  r  ted 


31 

samples  of  Gd  doped  CdF^  have  a  blue  color  whereas  the  unconverted  sample 
is  colorless.  The  color  is  due  to  a  strong  infrared  absorption  band,  the  short 
wavelength  wing  of  which  produces  absorption  in  the  red  portion  of  the  visible 

region.  This  band  has  been  identified  as  being  due  to  the  ionization  of  electron 

,  (3,7) 

traps . 

The  LED's  reported  on  herein  have  one  ohmic  electrode  using  ultrason¬ 
ic-ally  soldered  indium  and  the  remaining  electrode  of  the  blocking  type  using 
usually  either  vacuum  evaporated  indium  or  silver.  The  reverse-to- forward 
resistance  ratios  are  on  the  order  of  100.  The  electroluminescence  (EL)  is 

observed  at  the  blocking  electrode  when  it  is  negative.  Typically,  converted 

3  + 

samples  containing  a  nominal  Gd  concentration  of  0.02  mole  percent  have 
resistivities  between  0.1  and  1  ohm-cm  at  room  temperature.  Figure  B.  1  shows 
the  various  observed  spectra.  Curve  A  is  the  weak  photo- excited  fluorescence 

(g) 

spectrum  of  the  pure  CdF^  single  crystal  obtained  from  Optovac.  All  sam¬ 
ples  were  grov.n  using  99.999  percent  pure  CdF,,  from  General  Electric 

(9)  L 

Chemical  Products  Plant.  Curve  B  is  the  strong  photo- excited  spectrum  of 

3  ^ 

the  unconverted  Gd  doped  CdF  crystal.  The  sharp  line  is  from  the  P  . 

3+  L  °  .  .  L 

state  of  Gd  .  The  broad  fluorescence  band  centered  at  5250  A  is  not  unique 

to  gadolinium  doped  samples  in  that  this  band  is  either  weakly  present  in  the 

spectra  of  our  other  rare-earth  doped  CdF  samples  or  it  is  a  dominate  fea- 

3+  i  3  + 

ture  (e.g.  ,  Nd  ).  Only  the  lines  characteristic  of  Gd  appear  in  the  absorp¬ 
tion  spectrum.  Curve  C  shows  the  drastic  effect  the  conversion  process  has 
o 

on  the  5250  A  band  and  the  gadolinium  emission.  Curve  D  is  the  spectrum  of 

the  EL.  The  four  curves  are  uncorrected  for  photomultiplier  response  (1P28) 

ami  spectrometer  efficiency.  The  three  photoexcited  curves  were  obtained 

o  o 

using  a  source  about  150  A  wide  centered  on  2750  A.  The  EL  spectrum  shows 

3  + 

the  expected  characteristic  uv-linc  spectra  of  Gd  and,  in  addition,  a  nearly 
white-light  emission.  The  brightness  of  the  white  EL  from  these  devices  was 
sufficient  to  be  seen  in  a  dimly  lighted  room.  The  source  of  such  a  broad  band 
oi  emission  can  be  attributed  to  a  distribution  of  traps  in  the  6  eV  band  gap, 

3-t 

produced  by  Gd  and/or  some  trace  impurity,  to  lattice  defects,  or  to  a  com¬ 
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bination  of  these. 


OBSERVED  RADIANT  POWER  (ARBITRARY  LINEAR  SCALES) 


WAVELENGTH(A) 

r' it;  ure  J'».  1,  Emission  Spectra  Observed  at  V  a,  ions  Stapes  of  Kali r i c:ati ii»»  a 
C<l  1-  ^  (GD  "* )  OKI).  Curves  A,  I  > ,  and  0  art;  Plmtoexcitcd  Using  il  riU  /> 
excitation.  Curvu  A  is  l,'rnin  a  Pure  Undoped  Call-'.  .Sample.  Curve  I)  is 

t  7  j.  L 

!■ '  ruin  An  Unconverted  Gd  -doped  Sample.  Curve  C  is  l'inni  a  Converted 

(i.e,  ,  Semiconducting)  ()d^-J)oped  Sample,  Curve  D  is  the  idlei  troluimneseeuee 

Spectrum  from  a  l’ulsed  1.111). 


The  broad  near-gaussian- shaped  fluorescence  band  shown  in  Curve  B  has 
.  .  ,  o 

its  excitation  band  centered  at  2900  A  and  with  about  half  the  width  of  the  fluor¬ 
escence  band.  These  features^  ^  suggest  that  this  band  comes  from  a  lattice 
defect  (i.e.  ,  a  color  center)  concentration  which  was  increased  by  the  addition 

of  the  trivalent  impurity  to  the  divalent  host.  In  Curve  C,  we  see  that  both  this 
3+ 

band  and  the  Gd  emission  are  missing.  Since  the  end  result  of  the  conversion 
process  is  the  replacement  of  the  interstitial  F  ions  (which  compensated  the 
additional  charge  on  the  rare-earth  impurity  ion)  by  lattice  electrons,  one 

(3) 

explanation  is  that  this  broad  band  is  an  excitation  of  the  interstitial  F  ion. 

3  + 

A  reduction  of  the  characteristic  emission  of  Gd  would  be  expected  due  to 
greatly  increased  coupling  to  the  lattice  due  to  the  lattice  electrons  (i.e.  ,  pola- 
rons)  thereby  lowering  the  quantum  yield  of  the  fluorescence. 


Both  pulsed  (usually  1  ms  at  1  to  20  Hz)  and  dc  measurements  were  made 
on  these  LED's.  Electroluminescence  was  observed  to  occur  at  the  same  rela¬ 
tively  well-defined  voltage  for  a  given  device  regardless  of  whether  pulse  or 
dc  excitation  was  used.  This  voltage  ranged  from  5  to  15  volts  depending  on  the 

surface  preparation  and  details  of  the  fabrication.  The  dc  current-voltage  (I-V) 

2 

curves  show  ohmic  behavior  at  low  currents  followed  by  an  approximate  V 
dependence  suggesting  a  space- charge-limited  current  regime.  The  end  of  this 
regime  occurs  with  the  onset  of  the  light  emission.  The  diode  is  at  its  break¬ 
down  voltage  at  this  point  and  the  radiant  power  output  P  increases  with  current 

jj  1  /  2 

I  according  to  P1  I  where  n  v  2 . 5  to  3.  An  exp  (a/\  )  dependence  can  be 

fitted  to  the  P-V  data  which  is  consistent  with  the  impact  ionization  process  in 

a  Schottky-type  barrier.  This  process  is  usually  suggested  with  n-type 

_  (12) 

material  when  the  EL  is  observed  at  the  negatively-biased  blocking  electrode. 

However,  the  dynamic  range  over  which  the  radiant  power  was  measured  was 
insufficient  to  make  this  fit  unique.  The  range  was  limited  due  to  device  heat¬ 
ing  to  about  a  decade  in  the  pulsed  measurements  and  to  about  one  half  decade 
in  the  dc  measurements. 


In  summary,  we  have  observed  the  predictable  uv-line  emission  plus  an 

3  + 

unexpected  nearly-white  light  emission  from  Gd  -doped-CdF^  LED's  at  room 
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temperature  with  the  radiant  power  having  an  approximate  cubic  dependence 
on  current.  The  EL  mechaniim  for  those  devices  appears  to  be  that  oi  impact 
ionization  occurring  in  the  reverse-bias  breakdown  regime  of  the  diode. 
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PART  II 


ELECTRICAL  AND  OPTICAL  PROPERTIES  OF 
SEMICONDUCTING  MATERIALS 

Dr.  Rex  L.  Jones 
INTRODUCTION 

This  work  was  concerned  with  research  and  development  on  the  electrical 
and  optical  properties  of  semiconducting  materials.  The  effort  encompassed 
material  preparation,  determination  of  electrical  and  optical  properties,  design 
and  constrviction  modification  of  specialized  equipment  required  for  these 
investigations,  and  the  compilation  of  papers  available  in  the  open  literature. 

SECTION  9 

ELECTRICAL  AND  OPTICAL  PROPERTIES  OF 
SEMICONDUCTING  MATERIALS 

9.  1  ELECTRICAL  PROPERTIES  OF  DEFECT  CENTERS  IN  SEMICONDUCTORS 

Transport  and  electrical  properties  were  measured  on  II-VI  compounds 
with  a  variety  of  dopants  and  after  a  variety  of  heat  treatments  in  order  to 
determine  those  procedures  with  the  best  potential  for  application  in  obtaining 
optoelectronic  devices.  Research  was  also  conducted  to  obtain  reliable  ohmic 
contacts  to  these  crystals. 

The  electrical  measurements  were  comprised  mainly  of  guarded  Hall  and 
guarded  Van  der  Pauw  measurements  versus  temperature,  T,  and  resistivity 
or  conductivity  versus  temperature,  both  over  the  same  temperature  range. 

The  raw  data  from  these  measurements  was  feed  into  the  computer  at  Wright  - 
Patterson  Air  Force  Base  using  programs  developed  by  Air  Force  Materials 
Laboratory  (AFML)  personnel  to  obtain  compilation  and  plots  of  charge  carriers 
per  cubic  centimeter,  conductivity  and  mobility  versus  1/T.  The  temperature 
range  covered  by  some  of  these  measurements  were  from  liquid  helium  to  52°C. 
Some  photo -Hall  measurements  on  these  II-VI  compounds  were  also  performed. 

Materials  studied  during  the  contractual  period  were  ZnSc,  0.01%  Li; 

ZnSe,  0.  1%  Li;  ZnSe,  0.  001%  Cu;  ZnSe  (Na);  ZnSc,  implanted  with  Zn;  ZnO, 
hydrothermally  grown  wit.i  Li;  CdS;  and  ZnS. 
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A  typical  heat  treatment  consisted  of  sealing  the  sample  or  samples 
along  with  the  doping  element  or  substance  surrounding  vapor  upon  heat  which 
forms  filling  with  helium  gas  after  evacuation  and  purging  with  nitrogen  gas.  The 
capsule  was  then  placed  in  a  furnace  with  a  long  flat  heat  zone  at  nominally 
1000°C  for  a  time  varying  from  hours  to  1  0  days.  Tim  sample  was  then 
removed  and  its  transport  and/or  electrical  properties  were  measured  over 
a  temperature  range  or  at  several  discrete  temperatures.  Analysis  ot  the 
computer  output  was  then  done  to  determine  the  course  of  the  continuing 
experimentation. 

Ohmic  contact  studies  to  these  I]  -VI  compounds  were  conducted 

B  B 

using  soldering  and  sputtering  techniques.  Soldering  techniques  were  not 
attempted  to  p-type  material,  except  in  an  attempt  .a  product;  a  p-n  junction. 

Prior  to  forming  the  contact,  the;  sample  was  etched  or  cleaned  using  acetone, 
deionized  water  and  alcohol.  Sputtering  of  Cu,  Pt ,  and  Au  to  Zioe,  ZnO, 

CdSe  and  CdS  was  attempted  at  one  point  or  other  with  the  sputtc;  od  Au 
sccrving  to  form  the  preferred  contact.  Acceptable  ohmic  contact  were 
made  to  ZnO  using  indium  solder  followed  by  a  heat  treatment.  The  accept¬ 
ability  of  the  contacts  were  checked  using  1/V  or  C/V  measuring  equipment. 

During  the  contractual  period,  among  the  items  fabricated  were:  stand 
for  new  Veeccj  ion  vacuum  pump,  front  surface  mirror  for  mounting  right  angle 
source,  circuit  box  to  facilitate  1/V  characterization  of  samples,  soultering 
system  for  contacting  the  semiconducting  material,  and  a  new  sample  holding 
system  containing  four  phosphorus  bronze  spring  fingers  tu  hold  the  Van  der  Pauw 
sample  against  the  bery!l?"m  oxide  substrate.  Among  the  items  modified  were: 
the  heater  in  the  helium  dewar  system  and  the  rewiring  of  the:  Hall  measuring 
dewar  to  increase  the  facilities  to  include  Vac  der  Pauw  measurements. 

Among  the  equipment  assembled,  installed,  and  checked  out  to  manufacture 
specifications  were:  diamond  wire  saw,  transistor  curve  tracer,  isolation 
transformer  in  Hall  measuring  equipment,  furnace  to  obtain  flat  heat  zone,  ana 
i  sot  h e r mal  1 11 1  nace. 
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l>.  2  OPTICAL  PROPERTIES  OF  DEFECT  CENTERS  IN  SEMICONDUCTORS 


The  main  thrust  of  the  optical  studies  has  been  directed  at  annealing  studies 
between  300°C  and  600°C  of  radiation -induced  photoluminescence  bands  in 
germanium,  absorption  measurements  of  radiation  damaged  silicon  at  liquid 
nitrogen  and  liquid  helium  temperature,  and  comparsion  studies  between  photo  - 
luminescence  experiments  and  absorption  experiments  on  electron  radiation 
damaged  silicon.  Photoluminescence  measurements  of  germanium  samples 
wore  made  using  first,  a  conventional  infrared  source  and  after  acquisition  by 
AFML,  a  NdYAG  laser  in  both  continuous  and  pulsed  mode  as  the  exciting  source 
of  radiation.  Time  constant  measurement  were  also  made  on  these  photo¬ 
luminescence  peaks  using  the  NdYAG  laser.  It  was  not  possible  to  make  photo¬ 
luminescence  measurements  of  silicon  samples  using  the  NdYAG  laser  as  the 
source  of  exciting  radiation,  since  the  transitional  energy  involved  in  the  lasering 
transition  is  less  then  the  band  gap  of  silicon  at  liquid  helium  temperature.  Thus, 
the  absorption  of  the  lasing  radiation  from  the  NdYAG  laser  for  silicon  is  small. 

Experiments  were  conducted  to  determine  the  laser  power  output  versus 
laser  lamp  power  for  various  pulsed  modes  of  operation,  to  determine  the  type 
of  chopper  and  chopper  blade  to  use  in  making  time  constant  measurements 
while  using  a  continuous  source  as  the  exciting  source  of  radiation,  and  to 
determine  the  time  constant  of  the  newly  acquired  InSb  and  InAs  detectors 
while  at  their  operating  temperature  of  77°K. 

Three  new  gratings;  295  grooves/mm  blazed  at  2.  6p;  590  g/mm,  1.  3p; 

590  g/mm,  2.  Ip;  were  calibrated  versus  wavelength  and  had  response 
corrections  factors  determined  for  them.  The  590  groove/mm  grating  blazed  at 
2.  Ip  was  found  to  be  incorrectly  blazed  and  was  returned.  The  response  correction 
factor  is  used  to  normalized  the  photolumincscencc  intensity  versus  wave¬ 
length  to  that  of  a  blackbody  at  a  given  temperature.  It  is  obtained  by  replacing 
the  photoluminescence  sample  by  a  blackbody  source  and  measuring  its  spectral 
response.  The  photolumincscencc  data  can  then  be  converted  to  photon  flux 
versus  wavelength. 
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The  photoluminc sconce  and  optical  absorption  data  were  first  recorded 
on  strip  chart  recorder  charts.  The  response  at  a  gwen  wavelength  and  the 
wavelength  were  read  from  these  charts  and  punched  on  computer  cards  to 
provide  a  data  deck.  This  data  deck  and  the  particular  program  were  then 
entered  into  the  computer  for  computation  and  compilation.  After  computation 
and  compilation,  the  results  arc  plotted  \ising  a  Cal-Comp  plotter. 

These  programs  have  been  modified  to  run  on  either  a  Corn-Share  terminal, 
the  IBM-7094,  or  the  present  CDC  6600.  The  Cal-Comp  plotter  is  not  connected 
to  the  Corn-Share  terminal,  thus  Cal-Comp  results  are  not  obtainable  directly 
from  it.  The  program  allows  parameters  to  be  varied  such  that  plots  suitable 
for  journal  reports  are  obtainable. 

Besides  these  programs,  programs  have  been  written  that  will  calculate 
the  photon  flux  at  a  given  wavelength  from  a  blackbody  at  a  giver,  temperature 
and  will  determine  the  slope  of  a  computer  determined  least  square  fit  to  a  set 
of  data  points.  Other  programs  were  written  and  assistance  was  given  to  other 
personnel  in  writing  and  modifying  their  computer  programs. 

During  the  contractual  period,  among  the  items  fabricated  were:  infrasil 
and  suprasil  windows  for  the  liquid  helium  dewar  using  the  diamond  wire  saw; 
optical  filters  from  single  crystal  silicon  by  cutting  on  a  diamond  circular  saw, 
polishing  with  diamond  paste  to  lp  finish,  and  final  shaping  using  a  diamond 
wire  saw;  a  diamond  crystal  model  to  represent  cither  silicon  or  germanium 

with  placing  other  atoms  and  bonds  in  it  to  show  the  vacancies,  substitutions 
and  interstitials  that  occurs  in  these  crystalline  semiconductors;  brass  clamps 
to  hold  the  liquid  helium  dewar  to  its  mounting  plate  allowing  the  dewar  to  be 
placed  upside  down  to  facilitate  the  draining  of  water  that  condenses  during  an 
experiment,  pumping  station,  and  the  samples  used  in  the  photoluminescence 
and  absorption  studies  from  boules  of  silicon  and  germanium.  Among  the  items 
assembled  and  intallcd  were:  a  blackbody  source  to  check  the  rise  in 
temperature  versus  time  to  ascertain  that  the  specifications  were  met;  a 
Nd  YAG,  10  watt  laser  from  Qunntronix;  a  optical  bench  received  from 
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surplus;  the  electronics,  power  supply,  temperature  ontroller,  strip  chart 
recorder  and  shelf,  to  measure  and  control  the  sample  temperature  in  a  cry¬ 
ogenic  dewar;  and  a  thermocouple  on  or  near  the  sample  for  temperature 
measurements.  This  thermocouple  attachment  proved  inadequate  and  a 
cryogenic  diode  was  purchased  which  required  modification  of  electronic 
connections  on  the  research  helium  dewar.  The  helium  research  dewar  was 
also  modified  so  the  sample  holder  would  vertically  align  better  with  the  optical 
holder. 

Early  in  the  contractual  period  plans  for  incorporation  of  a  data  acquisition 
system  on  the  C.zerny-Turner  spectrometer  used  in  photoluminescence  were 
discussed.  The  mechanical  and  electronic  components  necessary  to  digitize  the 
spectrometer  were  ordered,  assembled  and  installed.  The  data  acquisition 
system  itself  is  mounted  on  a  movable  rack  such  that  it  is  useable  by  other 
experimenters  and  consists  of  a  digital  voltmeter  with  BCD  output,  a  HP  2570A 
coupler/controller  and  a  high  speed  paper-tape  punch. 

All  during  the  contractual  period  a  literature  search  for  pertinent  journal 
and  periodical  articles,  followed  by  xeroxing  and  author  indexing  on  3  x  5 
cards  was  conducted. 
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PART  III 


INTRINSIC  COERCIVE  FORCE  IN  MULTIDOMAIN 
SINGLE  CRYSTAL  (RARE  EARTH)  Coc  ALLOYS 

-  -  -  D 

Dr.  Clark  W.  Searle 

INTRODUCTION 

This  part  dealt  with  an  intrinsic  coercive  force  in  the  magnetic 
characteristics  of  several  RCo^  (R  is  a  rare  earth  elemet  t)  alloys  pre¬ 
pared  as  single  crystals  by  the  Battelle  Columbus  Laboratories.  The 
experimental  data  is  shown  tc  lead  to  a  model  which  consists  of  a  periodic 
pinning  structure  with  a  period  about  an  order  of  magnitude  larger  than 
that  of  tht  crystal  lattice. 

SECTION  10 

INTRINSIC  COERCIVE  FORCE  IN  MULTIDOMAIN 
SINGLE  CRYSTAL  (RARE  EARTH)  Co5  ALLOYS 

10.  1  INiKOUUCriON 

Most  previous  investigations  of  the  coercive  force,  H  ,  associated 

C  (1) 

with  RGo,.  alloys,  have  analyzed  small  particle  hysteresis  loops  where 
domain  wall  nucleation  is  often  dominated  by  surface  conditions.  It  has 
recently  been  suggested  that  large  domain  wall  energies  may  be  related 
to  the  high  for  SmCo^.  ^  '^Other  studies  have  shown  that  high  energy 
narrow  domain  walls  can  lead  to  an  H  related  to  the  periodicity  of  the  lattice. 
The  purpose  of  this  work  was  to  study  H.  by  applying  the  external  field,  H, 
in  the  easy  direction  of  relatively  large  multidomain  single  crystal  spheres, 
where  bulk  properties  dominate.  The  expected  effect  is  shown  in  Figure  17b. 

if- 
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Figure  17.  Hysteresis  Loup  Associated  With  a  Periodic 
Flue tua tier-,  in  Domain  V. all  Energy 

This  effect  would  be  related  to  the  periodic  flucuauons  in  domain  wall 
energy  shown  in  Figure  17a,  and  has  apparently  been  observed  in  an 
aligned  powder.^"  All  the  data  was  obtained  using  a  variable  temperature 
Princeton  Applied  Research  VSM.  H  was  swept  linearly  and  the  hys.ereeis 
loops  were  recorded  on  an  x-y  recorder. 

10,2  EXPERIMENTAL  RESULTS 

Typical  room  temperature  results  are  shown  in  Figure  18.  H  was 

varied  at  a  rate  of  100  oe/nun.  Room  temperature  values  for  H.  are 

lti  OefbmCo.)  and  4  Ue(VC  (k  )«  NdCo.  and  Wi  wc**  c  SiBo  incflBur pu  uncic r 
5  D  D 

identical  conditions  with  II.  -  0  Theoe  curves  huvt;  been  omitted  lor  clarity 

1 

The  temperature  dependence  of  1?.  is  indicated  in  Tjgure  19.  is 
linearly  dependent  on  T,  with  a  negative  slope,  over  most  of  the  tempo ratur n 
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Figure  16.  Room  Temperature  Figure  19.  Temperature  Depen- 

Hysteresis  Loops  dence  of  H. 


There  is  a  relaxation  associated  with  this  effect  which  is  strongly 

denendent  on  the  internal  field,  H.  =  H-(4/3)  ttM  where  M  is  the  bulk 

int 

magnetization.  1/  t  (  r  is  the  relaxation  time)  was  measured  as  a  function 

of  K  and  is  shewn  in  Figure  20.  The  dashed  line  between  the  two  ooints 
int  ° 

at  H  =  f  12.  a  Oe  is  an  upper  bound  on  f  /  r  .  In  this  region  r  became 

int  - 

very  long  and  difficult  to  measure. 
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Figure  20.  1/  7  as  a  Function  of 

II. 


Figure  21.  Dependence  uf  H  on  x 
at  Room  T  emperature 


The  dependence  of  II.  on  x  at  room  temperature  for  the  mixed  alloy 
Nd( l -x)Sm^Co^  is  shown  in  figure  21.  The  behavior  in  the  region  from 
x  0  to  x  -  ,  75  is  expected  since  a  nonzero  H  is  associated  with  a  material 

ot  high  anisotropy  and  H  should  be  proportional  to  the  Sm  concentration. 

An  unexpected  result  appears  as  a  sharp  drop  from  the  linear  relation  x  =  1. 
The  bars  on  the  data  represent  the  extreme  range  of  values  measured  on 
several  spheres  with  the  same  x,  while  the  experimental  points  are  the 
average  of  all  the  measurements.  There  is  a  strong  indication  that  the 
magnitude  of  the  fluctuations  in  H.  is  also  related  to  x. 

The  sharp  departure  of  H.  from  a  linear  relation  was  checked  with 

other  macroscopic  properties  such  as  the  saturation  magnitization, 

and  the  anisotropy  constant,  K^,  but  no  correlation  could  be  found  since 

both  M  and  K,  were  strictly  linen  rl”  dependent  on  x. 
s  1 

10.  i  MODEL 

The  model  shown  in  Figure  22  can  correlate  the  experimental  data. 

We  will  consider  a  portion  of  the  domain  wall,  with  sides  of  length  2a, 
as  a.,  individual  unit  interacting  with  one  pinning  site.  The  magnetic 
energy  per  unit,  treating  it  as  if  it.  were  uncoupled  from  the  rest  of  the 
domain  wall  is, 

E  -  -2M  H.  x(2u)Z  =  -8M  IT.  a2x  (1) 

s  mt  s  int 

The  statistical  probability  of  a  jump  to  the  right,  across  a  barrier  of 

height  E  ,  per  second  is, 

A 


i  /  r  Aexp 

A  exp 


-(F.  -8M  H.  a  ’  [ x  --  al) 

A  s  int  1 


-Ea  IBM  H,  a 
A  8  i  nt 


kT 
3  -i 


kT 


(2) 
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O  PINNING  SITES 


Figure  22.  The  Model 

We  suggest  that  E^  is  large  enough  so  that  1/  T  ~0,  on  the  time  scale 

of  our  experiment,  for  small  values  of  H.  .  Then  M  will  not  change  until 
3  1111 

8M  H  a  approaches  the  value  E  .  This  would  make  1/T  strongly  dependent 
s  int  A 

on  H.  in  qualitative  agreement  with  the  exoerimental  results.  In  fact 
int  M  b 

the  hysteresis  loop  should  turn  the  corner,  at  a  constant  sweep  rate,  when 
the  exponent  in  Equation  (2)  is  equal  to  a  constant  which  we  will  some¬ 
what  arbitrarily,  take  to  be  -1,  or, 

8M  a  H. /k  -  E  /k  -  T  =  T  -  T  (3) 

s  i  A  c 

This  equation  predicts  the  observed  linear  relation  between  H  and  T.  This 

also  suggests  that  the  initial  T  ,  measured  when  II,  -  H.«  should  be 
oe>  int  l 

independent  of  T.  This  effect  was  also  verified  v  ithin  experimental  error. 

The  second  equation  in  this  section  predicts  .n  exponential  dependence 

of  1/  T  on  11.  ,  whereas  Figure  20  shows  a  m*  eh  sharper  break  than 

int 

exponential.  One  might  expect  this  discrepancy  to  be  removed  if  the  coupling 
of  the  individual  unit  to  the  rest  of  the  domain  wall  is  considered.  T  can 
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In'  estimated  from  Equation  (3)  by  setting  T  0  and  substituting  the 

extrapolated  1-0  values  of  '  67  Oe,  =  968  emu/cc,  and  setting  an 

equal  to  half  a  lattice  spacing  which  yields  T  =  0.  06°K.  Thus,  one  would 

c 

expect  the  effect  to  thermally  wash  out.  On  the  other  hand  if  we  use  the 
experimental  value  of  =  410°K  and  solve  for  2a  we  find, 

2a  =  2(T  k/8M  (0)H.(0)) 1/3  =  97  X  10"8Cm.  (4) 

c  s  i 

2a  can  also  be  determined  independently  by  measuring  the  slope  at  the 
bottom  or  the  top  of  the  hysteresis  loop,  and  using  the  standard  relation 
for  parallel  domain  walls, 


2  x/W  =  X  H/M  (5) 

s 

where  x  is  the  change  in  the  position  of  a  domain  wall  from  equilibrium 
and  X  is  the  magnetic  susceptibility.  Use  of  the  T  =  0  values  given  above, 

X  -  2.  69  X  10”^  emu/cc/Oe,  and  W  =  59.  5  X  10“^  cm,  the  domain  width 
adjusted  for  our  samples  sizef^  yields  2x  =  2a  =  114  X  10~8  cm,  in 
reasonable  agreement  with  Equation  (4). 

A  final  check  to  see  if  the  mode]  was  self  consistent  was  obtained  by 
solving  the  following  equation  for  M. 

dM/dt  =  (3H/4  TT  -  M)/T.  (6) 

Experimental  values  of  T  from  Figure  20  were  used.  The  result  is 
shown  in  Figure  23.  It  can  be  seen  that  the  measured  values  of  T  indicate 
that  M  should  have  sharper  corners  and  approach  an  equilibrium  situation 
faster  than  the  measured  curve  does. 

The  period  associated  with  the  pinning  sites  is  larger  than  the  period 
of  the  lattice  which  implies  the  pinning  sites  arc  associated  with  imperfections 
which  tend  to  be  ordered.  One  would  not  expect  perfect  order  and  we  suggest 
it  nearly  ordered  array  of  imperfections  with  2a  fluctuating  mildly  as  we 
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Figure  2  3.  Comparison  of  the 

Measured  Hysteresis 
Loop  to  one  Calculated 
From  Measured  T  's 


Figure  24.  Expected  Effects  if  2a 
Mildly  Fluctuates  with 
Position  in  the  Lattice 


proceed  through  the  lattice.  The  net  effect  would  be  a  bulk  hysteresis  loop 
which  is  a  summation  of  individual  sharp  cornered  loops  with  unique  H^'s, 
each  one  associated  with  portions  of  a  domain  wall  encountering  a  region 
with  a  unique  well  defined  2a.  Some  expected  effects  associated  with  this 
interpretation  ore  shown  in  Figure  24. 

Firstly,  it  is  evident  that  this  interpretation  can  resolve  the  apparent 
discrepancy  between  the  calculated  curve  and  the  measured  curve. 

Secondly,  we  would  expect  a  variation  in  the  curve  shapes  from  crystal  to 
crystal  reflecting  a  variation  in  the  degree  of  order.  Extreme  examples 
of  this  arc  shown  in  Figures  25  and  26.  Figure  25  would  be  associated  with 
a  highly  disordered  array  and  is  approaching  normal  minor  loop  behavior. 
Figure  26  indicates  a  higher  degree  of  order.  Thirdly,  we  now  proceed  on 
the  left  side  of  the  loop  to  some  point,  designated  by  the  intersection  of 
the  short  solid  lines  in  Figure  24,  then  increase  the  field  being  careful 
to  stay  away  from  behavior  associated  with  the  right  side  for  any  individual 
loop.  Now  if  the  field  is  again  decreased,  while  recording,  the  intrinsic 
sharp  corner  should  be  revealed  since  all  the  individual  loops  turn  the 
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corner  at  the  same  field  as  indicated  by  the  short  line.  However,  if  we  get 
close  enough  to  the  right  side  so  that  some  smaller  loops  have  begun  to  drift 


Figure  25.  Hysteresis  Loop  Associated  Figure  26.  Hysteresis  Loop 

with  a  Highly  Disordered  Associated  with  a  Nearly 

Array  of  Imperfections  Order  Array  of  Imperfections 

up,  then  decrease  the  field,  recording  again,  the  corner  will  become 

rounder  since  some  of  the  small  loops  will  begin  to  drift  down  before  the 

larger  ones.  This  effect,  as  indicated  by  the  longer  lines  in  Figure  24, 

becomes  stronger  with  closer  approaches  to  the  right  side.  Figure  27 

shows  this  effect  quite  dramatically,  finally  making  the  model  completely 

self  consistent. 


Figure  27.  Experimental  Observation 

of  the  Intrinsic  Sharp  Corner 

10.  4  DISCUSSION  OF  RESULTS 

It  is  interesting  to  note  that  the  temperature  dependence  of  H  ,  Figure 

10,  is  very  similar  to  that  reported  for  H  in  small  particles  by  Benz  and 

(7)  C 

Martin.  The  magnitude  of  the  effect  is  much  smaller,  however,  and  the 
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II  ~  0  intercept  occurs  ut  T  =  410°K  compared  to  T  =  700°K  for  H  =  0. 

1  c  C  c 

The  possibility  that  the  pinning  sites  which  lead  to  H,  /  0  are  related  to  the 

l 

pinning  or  nucleating  sites  on  the  surfaces  of  small  particles  will  be  explored 
in  the  future. 

Finally,  it  should  be  mentioned  that  for  a  high  energy  domain  wall 
arguments  based  on  a  small  unit  of  the  wall  acting  individually  may  lead 
to  rather  large  errors.  In  fact,  the  large  increase  in  wall  energy  that 
would  be  associated  with  one  unit  hopping  may  make  a  larger  portion  of  the 
wall  consisting  of  many  coupled  units  hopping  over  their  individual  barriers 
a  more  probable  event.  This  means  that  2a  may  have  been  over  estimated 
or  2a  &  100  X  10~8  cm. 
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